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EFFECT OF NARROW CARBON-NITROGEN RATIO AND OF NAT- 
URALLY OCCURRING TANNINS IN DECOMPOSING PLANT 
MATERIALS UPON THE PRODUCTION OF MUCUS 

J. G. SHRIRHANDEi 
Tea Research Institute of Ceylon 
Received for publication July IS, 1939 

Effective use of decomposed vegetable matter in soil management depends 
upon its fulfilling two primary objects; first, it must supply its nitrogen, most 
of which is present in the organic form, by a gradual process of mineralization; 
second, it should contribute to the good tilth of the soil through the help of 
the mucusiike bodies which develop during its decomposition. Nitrogen 
metabolism in composts and related materials has been studied thoroughly, 
and a number of papers are still devoted to this subject; but the other aspect 
of the problem relating to the production of mucus during the decomposition 
of plant materials is still young and needs close examination. 

In previous communications (4, 5, 6) on this subject it has been remarked 
tliat the presence of mucus in manures derived from the decomposition of 
vegetable materials has a twofold significance. On the one hand, it has im- 
portant applications in agricultural practice; and, on the other, the production 
of this colloidal material is an indication that decomposition has occurred 
under optimal conditions. These optimal conditions include aerobic fermenta- 
tion, abundance of microbial tissue, growth of mucus-producing organisms, 
and an alkaline reaction. Microorganic bodies are rich in protein, the carbon- 
nitrogen ratio varying betv/een 5.5 and 15.8 (2). Moreover, proteins are 
colloidal in nature, and some, like caseinogen and peptone, form a sticky mass 
when wetted with w'ater. These observations led the author to study the 
problem of stickiness with plant materials naturally rich in protein. 

In former publications (4, 5, 6), the plant materials used for decomposition 
were of a low protein content with a wide carbon-nitrogen ratio such as oat and 
ragi {Eleusine coracana) straws. In the present investigation, however, a 
number of plant materials of relatively high protein content covering a wide 
range of carbon-nitrogen ratios were subjected to fermentation to determine 
whether the property of mucus production is in any way dependent upon the 
nature of the plant tissue. The amount of mucus produced was measured by 
the apparatus as described in the following section. 

^ The au thorns thanks are due to R, V. Norris, director of the institute, for permission to 
publish this paper, and to T. Eden, agricultural chemist, for the facilities provided for the 
conduct of this investigation and for his valuable criticism and advice. 
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APPARATUS FOR MEASURING STICKINESS 

The apparatus consists of a pillar and J&xed beana, in appearance T-shaped 
after the fashion of a chemical balance on a baseboard. Each of the extrem- 
ities of the beam carries a pulley. Below one pulley are two square plates, 
between which is placed the material whose adhesiveness is to be measured. 
The lower of these, which is the larger, slides into permanent guard rails which 
keep it firmly in position. The upper plate rests on the lower one and is small 
enough to clear the guard rails by about a quarter inch all round. To its 
center is welded a small ring which, by means of hook and cord passing over 
the pulleys, connects to a metal container capable of holding about 2 kgm. of 
lead shot. When ail parts are in position the container hangs free above the 
base board. In addition, there is provided a slotted and molded lead block 
weighing 1,600 gm. which fits over the top plate. The purpose of this is to 
exert a standard and uniform pressure on the material that is sandwiched be- 
tween the two plates during the preparatory stages of the test. The plates 
should be sufficiently thick not to bend under the forces applied, and the lower 
plate must be firmly fixed. 

Any material to be tested for stickiness is first freed from gritty material and 
then cut as finely as possible with a pair of scissors, after which it is well mixed 
with a spatula to give a representative sample. One-gram lots are then uni- 
formly sandwiched between the two plates, by pressing with the weight for 
IS seconds, and are dried in an oven at lOO^C. Uniform and complete drying 
was found to occur in 2 to 3 hours. Since the area of the manure and its thick- 
ness depend upon the time and force with which the two plates are pressed, 
and the breaking pull to separate the two plates is dependent upon the dis- 
tance between them, it is essential that the weight and time of pressing be kept 
constant so as to obtain comparable results. 

When the plates are ready for measuring the pull, the lower plate is gently 
slid in, and the cord over the pulley is connected at its respective ends to the 
hook in the plate and to the container. Lead shots are gradually poured in 
until the top plate parts instantaneously from the rest of the system. The 
pull is then obtained by subtracting the weight of the top plate from that of 
shot weight and container. A mean diameter of the block of sandwiching 
material is obtained by measuring 5 or 10 diameters in different positions. 
This is necessary because the block is never completely regular in form. Hav- 
ing measured the pull in grams and the area, the force per unit area can be 
calculated on the basis of dry weight. The value thus obtained is a measure 
of the stickiness in the material. 

On statistical examination of the data it was found that the method gave 
significant differences between highly and moderately sticky samples and that 
the magnitude of the error varied inversely as the stickiness. 

The foregoing test should always be conducted on fresh material. It was 
observed that the pull on a sample which was dried and then wetted was con- 
siderably lower than that on the fresh one because of the irreversible nature of 



DECOMPOSITION OE. PLANT MATERIALS 


3 


the colloids. It is, also very necessary that the plates should not be left un- 
tested for any length of time, as the dried material begins to absorb moisture 
and the result thus obtained is lower than the true value. For a similar reason 
it is advisable to continue the test until the plates separate instantaneously. 

EXPERIMENTAL 

■ 

The physical test as described was conducted on the various fermented 
materials as given below. ■ 

The dozen plant tissues were allowed to undergo aerobic fermentation in 
the presence of a mixed natural flora at 30° for 35 days with the following 
changes in the source of available nitrogen and adjustment of the reaction: 

Without any external source of nitrogen. 

In the presence of ammonium sulfate, which may be expected to develop an acid reaction 
during fermentation. 

In the presence of sodium nitrate, which develops an alkaline reaction during fermentation. 

Adjustment of the final reaction with sodium hydroxide, sulfuric acid, and tannic acid. 

Technic and methods 

Twenty grams of oven-dry material of known nitrogen content were fer- 
mented aerobically in bottles with a fixed amount of inoculum from a com- 
post. Nitrogen was supplied in the two forms to the extent of 1 gm. per 100 
gm. of material, and the moisture was adjusted to about 70 per cent. 

Organic carbon in the original material was determined by the method of 
Robinson, McLean, and Williams (3); total nitrogen was determined by the 
usual Kjeldahl method; and pH measurements were made on the compost 
water extracts by the electrometric method. 

Results 

Composition of plant materials. Table 1 contains the analytical data for the 
carbon-nitrogen ratios of the different plant materials examined in this in- 
vestigation. All the materials except maana grass, grevillea, cane reed, and 
paddy straw have a carbon-nitrogen ratio which is very near to the one ob- 
tained by composting a vegetable material. In fact, most of the materials 
are used as green manures on tea estates in Ceylon and on account of their 
high nitrogen content are incorporated with the soil without any pretreatment. 

Stickiness with respect to loss of dry matter and final reaction. Table 2 shows 
the losses of dry matter during fermentation of the various materials, their 
respective reactions, and . the results of the physical test. The losses of dry 
matter with their effect on the nitrogen transformation will form a subject of 
another communication. It is intended here to discuss only the problem of 
mucus production with respect to the loss suffered by any plant material and 
the reaction it developed subsequent to its fermentation under the tliree differ- 
ent treatments. The general trend of results, with a few exceptions, follows 
the chief factors established in an earlier paper (4). The degree of stickiness, 
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as shown by the figures, varied with the final reaction and the degree of de- 
composition for a particular material. Ammonium sulfate rots are invariably 
less sticky than rots without any treatments, which in their turn are generally 

TABLE 1 


Carhon-nitrogen ratios of unfermented ■materials 


MATESIAI. 

CAE.BON 

NITSOGEN 

C/N RATIO 

{Tithonia diversifoUa) Sunflower. . 

per cent 

36.91 

per cent 

3.37 

10.96 

Tephrosia vogelii 

43.40 

3.46 1 

12.56 

Refuse tea 

42.73 

3.97 

10.75 

{Erythrina lithosperma) Dadap 

40.62 

2.54 I 

15.97 

Gliricidia sepium 

40.48 

: , 2.74 1 

14.77 . 

{Andropogon nardus) Maana grass 

39.92 

1.37 

29,07 

{Camellia sinensis) Tea leaf 

42.63 

3.19 

13.38 

Grevillea robusta 

48.78 

1.04 

47.10 

Weeds 

34.99 

2.01 

17.43 

Fern 

41.01 

1.79 

! 22.88 

{Oriza sativa) Paddy straw 

34.59 

0.78 

44.12 

{Pennisetum sp.) Gane reed 

36.92 

0.96 

38.50 


TABLE 2 


Loss of dry matter during fermentation of original material^ pH, 
and results of the physical test 


MATERIAI, 

AMMONIUM SULTATE 
TREATMENT 

NO TREATMENT 

SODIUM NITRATE TREATMENT 

Loss of 
dry 
matter 

pH 

Physical 

test 

Loss of 
dry 

matter ; 

pH 

Physical 

test 

Loss of 
dry 
matter 

pH 

Physical 

test 


per cent 


gm. 

per cent 


gm. 

per cent 


gm. 

Sunflower. ...... * . 

20.9 

7.89 

577 

41.6 

8.15 

1,116 

36.9 

9.03 

2,742 

Tephrosia. ........ 

31.0 

7.76 

715 

38.5 

8.27 

846 

28.4 

8. ,68 j 

1,325 

Refuse tea ......... 

21.1 

7.49 


33.4 

7.66 

166 

25.4 

8.09 ' 

329 

Dadap. 

20.0 

7.30 

416 

51.3 

8.39 

480 

24.3 

9,10 

730 

Gliricidia. ......... 

40.6 

8.27 

1,150 

48.4 

8.58 ! 

1,720 

38.7 

9.12 

1,212 

Maana grass ....... 

33.7 

5.79 

i 228 


7.23 


40.3 

8.87 

313 

Tea leaf. ...... 

31,5 

7.71 

! 329 

35.6 

8.16 

252 

30.0 

8.72 

■ , 287 

Grevillea 

7.1 

5.53 

210 


6.92 


5.3 

7,26 

' 281 

Weeds. ........... 

54.1 

7.59 

275 

51.0 

i 8.01 

846 

43.1 

9.83 

>1,S8S 

Fern 

24.4 

4.52 


21.9 

' 5.51 


32.5 

7.73 


Paddy straw 

,'24.9 

6.73 

594 




^ 15.4 

8.73 

2,021 

Cane reed 

I 34,7 

4.44 





37.4 

^ 8.58 

3,306 


less sticky than sodium nitrate rots. This is ascribed to the changes in re- 
action. For instance, sunflower and tephrosia, although they suffer a greater 
loss under no treatment, are less sticky than when treated with sodium nitrate. 
The richness in protein of a plant material, therefore, seems to have an effect 
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on the degree of rotting but does not seem, to have any direct influence on the 
quantity of mucus. Additional doses of nitrogen in the form of ammonium 
sulfate and sodium nitrate have actually lowered the losses of dry matter and 
have affected the stickiness by disturbing the reaction, as indicated in the table. 
It is noteworthy that the pH of ammonium sulfate rots of plant materials rich 
in protein has not fallen to the same extent as has that of materials like maana 
grass, grevillea, and fern, which are naturally poor in protein. The pH of 
the former is on the alkaline side rather than on the acid side, which is the case 
with the latter. 

There are two exceptions to the general trend of results: first, materials such 
as fern and dadap which have resistant midribs that decompose less rapidly 
than the leafy materials and that interfere with the physical test when the 
more succulent parts are fully rotted; second, tea leaf or refuse tea which 
behaves in a quite anomalous manner, although the physical consistency of the 
rot in no way interferes with the stickiness test. These will receive more 
detailed consideration later in this paper. 

Effect of modification of reaction on the stickiness. Two types of compost were 
selected — gliricidia with a high degree of stickiness, and tephrosia fermented 
with ammonium sulfate with moderate stickiness — to demonstrate the effect 
of reaction and to obtain a correlation between stickiness and reaction. The 
pH of 10 was adjusted with sodium hydroxide. This particular reaction was 
chosen because the highest figure hitherto obtained for stickiness was found in 
a rot supplied with sodium nitrate which had attained finally that high degree 
of alkalinity. Reaction on the acid side was adjusted with sulfuric acid and 
tannic acid. Tannic acid, as the most easily available tannic substance, was 
used particularly because refuse tea and tea leaf, which are rich in tannins, 
behaved in an exceptional way, as has been pointed out. Table 3 records 
results with different pH adjustments. The value for stickiness increased with 
alkalinity and fell with acidity. The effect of tannic acid was contrary to ex- 
pectation, inasmuch as the resultant fall in pH had no appreciable effect on 
stickiness. 

The queer behavior of tannic acid may be ascribed to two factors: first, 
increasing amounts of tannic acid have to be mixed with the compost to lower 
the pH, and second, tannic acid itself produces a sticky paste when mixed with 
water, with the result that the drop in stickiness due to acidity is counter- 
balanced by the stickiness introduced by tannic acid. This suggests that the 
tannins present in complex forms in the tea leaf have a fundamentally differ- 
ent action during the process of decomposition from that of a mere addition 
of commercial tannic acid, which when mixed with a compost forms only a 
mechanical mixture. 

Effect of tea leaf and Gordonia leaf and their water extracts on the production 
of stickiness. Despite the fact that commercial tannic acid did not produce an 
effect similar to that recorded for tea, it was regarded as probable that the 
tannic complex in the tea, closely associated as it is with the fermentable 
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carbohydrate and protein bodies, might be responsible for the exceptional be- 
havior of tea leaf decomposition. That the presence of tannin does not impede 
the decomposition is shown by the figures for dry matter loss and reaction 
values. But it does appear to change the decomposition qualitatively. The 
two most obvious ways in which this might occur are, first, by a selective con- 
trol of microflora, whereby the organisms responsible for the development of 
mucus were inhibited, and second, by a precipitation or similar alteration in 
the condition of the mucus when formed. 

In order to test these suggestions, gliricidia, which, when decomposed alone, 
produces the stickiest compost, was fermented along with tea leaf containing 
7.93 per cent tannin in one case, and with the water extract of tea leaf in an- 

TABLE 3 


Efect of modification of the pH on the production of stickiness 


MATERIAL 

LOSS OF 

ON FERMENTATION 

ON ADJUSTMENT 

DRY 

MATTER 

pH 

Physical 

test 

pH 

Physical 

test 


per cent 


gm> 


gm. 





lO.O—NaOH 

1,786 

Gliricidia 

48.4 

8.58 

1,720 

7.Sj 


[1,288 





C H.S04 

< 

942 

625 





3 . 5 J 


[ 520 

Tepkrosia 

31.0 

7.76 

715 

10 . 0 ] 


[1,239 

-}-(NH4)2S04 




9.2[ NaOH 


1,170 





8 . 3 ] 


[ 766 




1 

1oo}h^so, 

f 700 
\ 606 

Gliricidia 

48.4 

8.58 

1,720 

7 . 00 ] 


1,544 





5.85^ Tannic acid 


1,413 





4 . 50 J 


'1,507 


other. Further, in order to determine whether tannin could alter mucus 
already formed, a series was set up in which the addition of extract was delayed 
for 3 weeks, at which time mucus formation would be well advanced. A 
similar series was carried out using a Gordonia (probably imbricata), another 
plant having a marked tannin content (15.31 per cent). The schedule of the 
fermentations was accordingly as follows: (a) Gliricidia alone, (b) Gliricidia 
and tea leaf, (c) Gliricidia and tea leaf extract, (d) Gliricidia (3 weeks’ com- 
post) and tea leaf extract, (e) Gliricidia djnA Gordonia imbricata, (f) Gliricidia 
and Gordonia extract, (g) Gliricidia (3 weeks’ compost) and Gordonia extract, 
and (h) Gordonia. Fermentation in these bottles went on for a total of 45 
days instead of 35 as in the previous experiments. Peptone was added as a 
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source of available nitrogen to the last bottle, as Gordonia has a positive nitro- 
gen factor. Gordonia, like the tea leaf, produced no stickiness, as will be seen 
from table 4. 

Introduction of tea leaf and Gordonia at the very start of the experiment 
would show the effect of these materials on the stickiness normally produced 
by gliricidia while fermenting independently. The use of water extracts 
of equal amounts of the two materials instead of their direct incorporation 
would suggest the action of their active constituents, which are tannin in both 
cases. It has been observed that the major part of the water extract of tea 
leaf prunings consists of tannin with negligible amounts of protein. Water 
will no doubt extract some liemicelluioses, starch, and other soluble carbohy- 
drates, but these constituents will help the production of mucus rather than 
inhibit it. Introduction of such an extract after gliricidia compost had ad- 
vanced in age and thus attained a major part of its normal stickiness would 

TABLE 4 


Ejffect of tea leaf and Gordonia imbricata a7id their respective water 
extracts on the production of stickiness 


MATERIAL 

LOSS OF 

DRY MATTER 

pH 

PHYSICAL TEST 

Gliricidia 

per cent 

52.6 

7.85 

gm. 

1,507 

Gliricidia -h tea leaf 

43.9 

8.09 

362 

Gliricidia -f tea leaf extract 

51.3 

8.62 

365 

Gliricidia (3 weeks) + tea leaf extract , 

53.1 

8.03 

1,186 

Gliricidia -f Gordonia : 

41.9 

7.58 

357 

Gliricidia 4" Gordonia extract 

51.8 

7.75 

324 

Gliricidia (3 weeks) -h Gordonia extract ' 

58.6 

8.70 

1,910 

Gordonia 1 

16.8 

8.70 



at once indicate the modifying effect of tannin on mucus stability. In other 
words, if no stickiness is recorded in bottles (b), (c), (e), and (f), it means, in 
effect, that tannins modify the flora and have a toxic action on the organisms 
responsible for the production of mucus. If the stickiness obtained with 
gliricidia alone in bottle (a) is reproduced with the treatments in (d) and (g), it 
means that once the mucus has been synthesized by the microorganisms, 
tannins have practical^ no effect on the production of stickiness. That such 
is the case is demonstrated by data presented in table 4. 

The adverse effect of tea leaf and its active constituent is thus due to the 
selective toxicity of tannin on the microflora. The parallel case of Gordonia, 
which, too, is a tannin-containing material, confirms the fact that tannin is 
the essential disturbing factor in the production of stickiness. At one time it 
was thought that this inhibition process might be a chemical one, as mucus 
which contains protein bodies might be precipitated in the presence of tannins 
of the plant materials. This does not appear to be so for two reasons: first, 
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the presence of tannin-rich materials from the earliest stages of decomposition 
does not allow the normal growth of mucns in gliricidia; second, mucus once 
synthesized by gliricidia was not affected by the addition of water extract 
after 3 weeks. Had it been a mere case of precipitation, the tannins in this 
extract ought to have modified the stickiness by combining with the mucus 
protein. It is, therefore, reasonable to suppose from the results in table 4 that 
the nonproduction of stickiness in tea leaf and Gordonia composts is essentially 
a microbial process rather than a chemical one. Such toxicity and specificity 
of tannin to the course of microorganic development during fermentation 
of plant materials find support from the work of several investigators, as 
summarized by Nierenstein (1). Tea leaf fermented for different periods up 
to 365 days also failed to indicate any stickiness. 

SUMMARY 

Decomposition of a number of plant materials in the presence of sulfate of 
ammonia and sodium nitrate and without any treatment has been studied 
with regard to the question of stickiness. 

Initial high protein content of a plant material has no direct bearing on 
the amount of stickiness but indirectly affects it through the degree of decompo- 
sition. A difference thus seems to exist between the synthesized micro- 
bial protein and the original plant protein with respect to the production of 
stickiness. 

Provided the reaction developed is suitable, production of stickiness during 
fermentation appears to be independent of the nature of the plant material, 
with the exception of plant materials containing tannin. 

The presence of tannins in refuse tea, tea leaf prunings, and Gordonia has 
been shown to exert a toxic effect on the microflora concerned in the decomposi- 
tion, and the inhibition of mucus production seems to be a microbial process 
rather than a chemical one. 

Production of stickiness will indicate the reaction and, in the light of previous 
work, the nature of fermentation (whether aerobic or anaerobic) of a fermenting 
vegetable heap. 
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Azotobacter species differ from most other microorganisms in that they are 
capable of obtaining nitrogen from the air. This ability to gather nitrogen is 
dependent upon appropriate conditions. According to some writers Azoto- 
bacter obtains little nitrogen from the air in the presence of combined nitrogen. 
Mockeridge (28) has even gone so far as to say: “It is a well known fact that 
when supplied with soluble nitrogen, Azotobacter does not fix atmospheric 
nitrogen until the available nitrogen has been consumed.’^ Lipman (24), 
Stranak (34), Hills (17), Heinze (16), Stoklasa (33), and Greaves and Nelson 
(13) found, however, that small quantities of nitrates stimulated Azotobacter, 
whereas larger quantities discouraged nitrogen fixation, since the organisms 
live on the nitrates (36). This is the case whether the nitrates are added to 
the soil or to the solution in which nitrogen is being fixed. 

Decreases in the activities of both aerobic and anaerobic nitrogen fixers 
have been reported where nitrates have been applied to the soil (6). Coleman 
(5) considers this action to be the result of two factors: (a) direct toxic action 
of the salt and (b) antagonism of other organisms favored by the salt. This 
theory appears to be borne out by the fact (13) that the addition of mannite 
alone to some soils decreases their nitrogen-fixing powers as determined by the 
tumbler method, but its application in connection with 0.084 per cent of 
sodium nitrate, calcium nitrate, magnesium nitrate, or manganese nitrate 
increases the nitrogen-fixing pow’ers. When 2 per cent of dried blood was 
applied to a soil, it increased the nitrogen-fixing power, but when applied in 
conjunction with 0.084 per cent of the various nitrates there was a loss of 
nitrogen. 

Zoond (37) found that increasing concentrations, over 0.003 per cent of 
nitrate, amino acid, or peptone, decreased nitrogen fixation by Azotobacter. 
Sterile, unheated plant extracts when applied in moderate amounts increased 
fixation. 

Nitrates and ammonium sulfate are rather effective in stimulating nitrogen 

^ Contribution from the department of bacteriology and bioehemistry, Utah Agricultural 
Experiment Station. 

2 Research professor of bacteriology and biochemistry, research assistant, and graduate 
student, respectively. Authorjused for publication. 
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fixation when Azotobacter is grown in connection with the cellulose ferments 
(27). Even here, however, large quantities have been found to reduce this 
power (22, 25). In pure cultures ammonium sulfate (23, 24) seriously retards 
nitrogen fixation, whereas the nitrogen of humus, even in large quantities, 
appears to have no serious retarding influence. 

Hanzawa (14), Lohnis and Green (26), Murray (29), Brown and Allison ( 3 ), 
Fulmer and Fred (9), Greaves and Nelson (13), and Richards (31) ail found 
that organic manures increased the activities of nitrogen fixers, the carbo- 
hydrate content often acting as a source of energy (24). Corn roots and stalks 
(7), oak leaves, lupine, alfalfa, maple leaves, and pine needles — in short, the 
tissues of most plants — stimulate nitrogen fixers (19, 29). Apparently the 
tissues from the nonlegumes are more efficient than those from the legumes 
(3). When the nitrogen content of the soil, even that due to organic matter, 
exceeds a certain value, nitrogen fixation is decreased (2, 18). Legumes grow- 
ing (12) in a soil may so reduce its nitrate content that Azotobacter organisms 
are stimulated. 

Reed and Williams (30) studied the effect of various organic compounds, 
including many which are toxic to higher plants, on the growth of Azotobacter 
and found that nitrogen fixation was only slightly influenced by most of the 
compounds used. Even in concentrations fatal to certain higher plants, many 
of the compounds depressed fixation only slightly. Certain of the compounds, 
especially urea, glycine, formamide, and allantoin, at concentrations of 500 
p.p.m. were particularly active in depressing nitrogen fixation. It was sug- 
gested that this was due not to toxic effects but rather to the utilization of the 
compounds by Azotobacter. 

Burk and Lineweaver (4) found that the quantity of readily available com- 
bined nitrogen required to inhibit nitrogen fixation by Azotobacter was 0.5 
mgm. per 100 cc. of solution. 

Fuller and Rettger (8) determined the influences of a large number of nitro- 
gen compounds on nitrogen fixation by Azotobacter and noted that most of 
the nontoxic compounds did not influence fixation to any great extent. Cer- 
tain of the compounds such as aspartic acid, cysteine hydrochloride, glycocoll, 
creatine, creatinine, and urea particularly inhibit nitrogen fixation. 

Proteins are decomposed in the soil by microorganisms with the production 
of various amino acids. Jodidi (20) summarized the early work on the occur- 
rence and kind of amino acids in soil, and in a later paper he (21) reported the 
quantity and quality of the various nitrogen-carrying constituents occurring 
in variously treated soils. Headden (15) found an average of 0.04 per cent of 
amino nitrogen in some Colorado soils. Many of the amino acids have been 
obtained from soil, but the quantity and the kind vary with different soils 
(32). Thompson (35) found that Azotobacter vinelandii utilized small quanti- 
ties of some amino acids, but these were either not used or used only in small 
quantities by Azotobacter chroococcum. In those cases where amino acids were 
utilized, nitrogen fixation was depressed, whereas in other cases where they 
were not utilized, the amino acids acted as a stimulant to nitrogen fixation. 
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STATEMENT OF PROBLEM 

It is evident from the literature that Azotobacter does fix atmospheric 
nitrogen in the presence of combined nitrogen. The specific influence of this 
combined nitrogen varies with the kind and the quantity present. It is also 
evident that amino acids occur in soil and that little work has been done to 
learn their influence on Azotobacter chroococcum. This paper reports the 
results of a study of the influence of varying quantities of the following amino 
acids and proteins on nitrogen fixation by Azotobacter chroococcum: glycine, 
leucine, dl-isoleucine, di-valine, isovaline, 1-aspartic acid, glutamic acid, dl- 
lysine, d-arginine, dl-methionine, cystine, tyrosine, phenylalanine, 1-trypto- 
phane, hydrox 3 ^proline, 1-histidine, 1-proline, casein, albumin, and gelatin. 

METHODS 

A strain of Azotobacter chroococcum isolated from the college farm soil was 
used in this work. The organism was cultured in a synthetic medium of the 
following composition: 


KH 2 P 04 

0.02 per cent 

Nal 

. 40 p.p.m. iodine 

MgS04 

0.02 per cent 

MnCOs. 

. 40 p.p.m. manganese 

NaCl 

0.02 per cent 

CaCOs 

. 1.0 per cent 

CaSOi 

0.01 per cent 

Mannitol 

. 1.5 per cent 

FeS04 

50 p.p.m. iron 

Distilled H 2 O. . . 

. 1 , 000 cc. 


All chemicals used were of the highest purity. To this basic medium were 
added the amino acids in quantities ranging from 5 to 150 p.p.m. The quan- 
tity of proteins added carried from 5 to 150 p.p.m. of nitrogen. 

The medium, in 100-cc. portions, together with the varying quantities of the 
amino acids and proteins, was distributed in SOO-cc. Erlenmeyer flasks. The 
flasks were autoclaved for IS minutes at a pressure of IS pounds and then 
inoculated with A, chroococcum. The inoculated flasks together with sterile 
blanks were incubated at 28 to 30°C. for 3 weeks. At the end of the incubation 
period the nitrogen was determined by the Kjeldahl method (1, p. 8). The 
quantity of nitrogen found in the blanks together with the amount added in 
the amino acid was subtracted from the total and the balance reported as 
nitrogen fixed. The quantity of nitrogen fixed by A . chroococcum in the flasks 
containing only the basic medium was from 9 to 12 mgm. and in the results 
is given as 100. This is taken as a basis for reporting the results obtained in 
the presence of the various amino acids. Each reported result is the average 
of five or more closely agreeing determinations. 

EXPERIMENTAL 

The results obtained when A, chroococcum was grown in the presence of the 
aliphatic mono-amino-monocarboxylic acids are given in figure 1. Dl-iso- 
leucine is an active stimulant for A, chroococcum. In the presence of 100 
p.p.m. of dl-isoleucine A, chroococcum hxes 75 per cent more nitrogen than it 
does in its absence. Even at a concentration of 150 p.p.m. isoleucine, nitrogen 
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jSxation when Azotobacter is grown in connection with the cellulose ferments 
(27). Even here, however, large quantities have been found to reduce this 
power (22, 25). In pure cultures ammonium sulfate (23, 24) seriously retards 
nitrogen fixation, whereas the nitrogen of humus, even in large quantities, 
appears to have no serious retarding influence. 

Hanzawa (14), Lohnis and Green (26), Murray (29), Brown and Allison (3), 
Fulmer and Fred (9), Greaves and Nelson (13), and Richards (31) all foiiiid 
that organic manures increased the activities of nitrogen fixers, the carbo- 
hydrate content often acting as a source of energy (24). Corn roots and stalks 
(7), oak leaves, lupine, alfalfa, maple leaves, and pine needles — in short, the 
tissues of most plants^ — stimulate nitrogen fixers (19, 29). Apparently the 
tissues from the nonlegumes are more efficient than those from the legumes 
(3). When the nitrogen content of the soil, even that due to organic matter, 
exceeds a certain value, nitrogen fixation is decreased (2, 18). Legumes grow- 
ing (12) in a soil may so reduce its nitrate content that Azotobacter organisms 
are stimulated, 

Reed and Williams (30) studied the effect of various organic compounds, 
including many which are toxic to higher plants, on the growth of Azotobacter 
and found that nitrogen fixation was only slightly influenced by most of the 
compounds used. Even in concentrations fatal to certain higher plants, many 
of the compounds depressed ^fixation only slightly. Certain of the compounds, 
especially urea, glycine, formamide, and allantoin, at concentrations of 500 
p.p.m, were particularly active in depressing nitrogen fixation. It was sug- 
gested that this was due not to toxic effects but rather to the utilization of the 
compounds by Azotobacter. 

Burk and Lineweaver (4) found that the quantity of readily available com- 
bined nitrogen required to inhibit nitrogen fixation by Azotobacter was 0.5 
mgm. per 100 cc. of solution. 

Fuller and Rettger (8) determined the influences of a large number of nitro- 
gen compounds on nitrogen fix:ation by Azotobacter and noted that most of 
the nontoxic compounds did not influence fixation to any great extent. Cer- 
tain of the compounds such as aspartic acid, cysteine hydrochloride, glycocoll, 
creatine, creatinine, and urea particularly inhibit nitrogen fixation. 

Proteins are decomposed in the soil by microorganisms with the production 
of various amino acids. Jodidi (20) summarized the early work on the occur- 
rence and kind of amino acids in soil, and in a later paper he (21) reported the 
quantity and quality of the various nitrogen-carrying constituents occurring 
in variously treated soils. Headden (15) found an average of 0.04 per cent of 
amino nitrogen in some Colorado soils. Many of the amino acids have been 
obtained from soil, but the quantity and the kind vary with different soils 
(32). Thompson (35) found that Azotobacter vinelandii utilized small quanti- 
ties of some amino acids, but these were either not used or used only in small 
quantities by Azotobacter chroococcum. In those cases wffiere amino adds were 
utilized, nitrogen fixation was depressed, whereas in other cases where they 
were not utilized, the amino acids acted as a stimulant to nitrogen fixation. 
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STATEMENT OF PROBLEM 

It IS evident from the literature that Azotobacter does fix atmospheric 
nitrogen in the presence of combined nitrogen. The specific influence of this 
combined nitrogen varies with the kind and the quantity present. It is also 
evident that amino acids occur in soil and that little work has been done to 
learn their influence on Azotohacter chroococcmi. This paper reports the 
results of a study of the influence of varying quantities of the following amino 
acids and proteins on nitropn fixation by Azotobacter chroococcum: glycine, 
leucine, dl-isoieucine, di-valine, isovaline, 1-aspartic acid, glutamic acid, di- 
lysine, d-argmine, dl-methioiiine, cystine, tyrosine, phenylalanine, 1-trypto- 
phane, hydroxj'proline, 1-histidine, 1-proline, casein, albumin, and gelatin. 

METHODS 

A stram of Azotobacter chroococcum isolated from the college farm soil was 
used in this work. The organism was cultured in a synthetic medium of the 

following composition : 


IVH 2 PO 4 0.02 per cent 

MgS 04 0.02 per cent 

^^^1 0.02 per cent 

0.01 per cent 

50 p.p.m. iron 


Nal 40 p.p.m. iodine 

MnCOs 40 p.p.m. manganese 

CaCOs 1.0 per cent 

Mannitol 1.5 per cent 

Distilled H 2 O 1,000 cc. 


AU chemicals used were of the highest purity. To this basic medium were 
added the amino acids in quantities ranging from 5 to 150 p.p.m. The quan- 
tity of proteins added carried from 5 to 150 p.p.m. of nitrogen. 

The medium, in 100-cc. portions, together with the varying quantities of the 
ammo acids and proteins, was distributed in 500-cc. Erlenmeyer flasks. The 
flasks were autoclaved for 15 minutes at a pressure of 15 pounds and then 
inoculated with A. chroococcum. The inoculated flasks together with sterile 
blanks were incubated at 28 to 30°C. for 3 weeks. At the end of the incubation 
period the nitrogen was determined by the Kjeldahl method (1, p. 8). The 
quantity of nitrogen found in the blanks together with the amount added in 
the amino acid was subtracted from the total and the balance reported as 
nitrogen fixed. The quantity of nitrogen fixed by A. chroococcum in the flasks 
containing only the basic medium was from 9 to 12 mgm. and in the results 
is given as 100. This is taken as a basis for reporting the results obtained in 
the presence of the various amino acids. Each reported result is the average 
of five or more closely agreeing determinations. 

E.XPERIMENTAL 

The results obtained when A. chroococcum was grown in the presence of the 
aliphatic mono-amino-monocarboxylic acids are given in figure 1. Dl-iso- 
leucine is an active stimulant for A. chroococcum. In the presence of 100 
p.p.m. of dl-isoleucine A. chroococcum fixes 75 per cent more nitrogen thau it 
does in its absence. Even at a concentration of 150 p.p.m. isoleucine, nitrogen 
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fixation is materially increased. Leucine, glycine, and dl-valine all slightly 
increase nitrogen fi.xation, but the concentration at which stimulation occurs 
varies with the different amino acid. Glycine stimulates most markedly when 
present in a concentration of 20 p.p.m., whereas dl-valine is most active at 
50 p.p.m. Isovaline is apparently without effect. From these results it “is 
highly improbable that any of these amino acids would occur in soil in suffi- 
cient quantities to retard nitrogen fixation by Azotobacter, and they may at 
times increase fixation. Furthermore the presence of amino acids in soil may 
be one of the reasons why nitrogen fixation is greater in soil than in laboratory 
media not containing the amino acids. There is nothing in these results to 
bear out the contentions of Reed and Williams (30) or Thompson (35) that 
glycine, when present in small quantities, depresses nitrogen fixation by 
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PAniS PER MILLION AMINO ACIDS ADDED 

Fig. 1. Percentages OF Nitrogen Fixed in the Presence oe Varying Quantities of 
Glycine, Leucine, dl-IsoLEuciNE, di- V aline, and Isovaline 
T he nitrogen fixed in the absence of amino acid is taken as 100 per cent 

furnishing a ready supply of combined nitrogen. The results, however, would 
be different where comparatively large quantities of the amino acids are 
present. Hence, it may be concluded that leucine, glycine, dl-valme and 
dl-isoleucine stimulate nitrogen fixation by A. chroococcum, whereas isovaline 
is without effect. 

The results obtained with the two aliphatic mono-amino-dicarboxylic acids 
are given in figure 2. Both 1-aspartic acid and glutamic acid increase nitrogen 
fixation by A. chroococcum. The two are very similar in their effects; neither 
becomes toxic even at concentrations of 150 p.p.m. It is probable that these 
amino acids in the concentrations in which they occur in the soil would increase 
nitrogen fixation and never would accumulate in concentrations sufficient to 
retard fixation by Azotobacter. Although small quantities of glutamic acid 
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are utilized by A. chroococcum (31), they do not retard tbe assimilation; of 
atmospheric nitrogen. 

The results obtained with the aliphatic diamino-monocarboxylic acids are 
given in figure 3. D-arginine is without effect on A. chroococcum until the 



PARTS PER MILLION AMINO ACIDS ADDED 

Fig. 2. Percentages of Nitrogen Fixed in the Presence of Varying Quantities of 
1-Aspartic Acid and Glutamic Acid 
The nitrogen j&xed in the absence of amino acid is taken as 100 per cent 



PARTS PER MILLION AMINO ACIDS ADDED 

Fig. 3. Percentages of Nitrogen Fixed in the Presence of Varying Quantities of 

dbLyCINE and d-ARGININE 

The nitrogen fixed in the absence of amino acid is taken as 100 per cent 

concentration reaches 70 p.p.m.; above this concentration it becomes slightly 
toxic. Lysine, on the other hand, stimulates throughout the range of concen- 
trations, the greatest stimulation occurring between the concentrations of 50 
and 100 p.p.m. 
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The results obtained for the sulfur-containing amino acids are given in 
figure 4. Cystine carries a very acceptable form of sulfur for A . chroococcum 
(11), and the organism synthesizes appreciable quantities of glutathione which 
is used in its metabolic activities; hence it is not surprising to find that both 
cystine and dl-methionine stimulate nitrogen fixation by Azotobacter. In 
this respect they are of nearly equal value; both stimulate at the lowest concen- 
tration tested, and their actions nearly parallel each other throughout. 

The results obtained for the two aromatic amino acids are given in figure 5. 
Tyrosine is a very active stimulant at a concentration of 5 p.p.m. In concen- 
trations from 10 to 130 p.p.m. there is a slight stimulation and at a con- 
centration of 150 p.p.m. it retards nitrogen fixation. Phenylalanine, on 
the other hand, is toxic at 5 p.p.m. and increases in toxicity as the quantity 
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PARTS PER M^LL^0^4 AMINO ACIDS ADDED 
4. Percentages of Nitrogen Fixed in the Presence of Varying Quantities of 
cU-Methionine AND Cystine 

The nitrogen fixed in the absence of amino acid is taken as 100 per cent 

increases. According to Thompson (35) tyrosine is not utilized by A, chroo- 
coccum, We have found it and phenylalanine to disappear from the medium, 
however, and when tested by the Hanke and Koerster^s p-diazobenzenesulfonic 
acid reaction, phenol or cresol appears. It is probable that phenylalanine, 
to a limited extent, is transformed in the medium to tyrosine and then to 
phenol or cresol. Some of the phenylalanine is utilized by Azotobacter (35). 
These two factors account for its depressing effect. If phenylalanine is as 
toxic in soil as it is in solution, which is not probable, it may at times accumu- 
late in the soil in concentration sufficient to retard nitrogen fixation. 

The results obtained with 1-tryptophane are given in figure 6. This amino 
acid stimulates throughout all the concentrations used. Hence, it is probable 
that Azotobacter neither uses it nor transforms it into the toxic indole. 

The results obtained with the other three heterocyclic amino acids, hydroxy- 
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PARTS PER MILLION AMINO ACIDS ADDED 

Fig. S. Pebcentages oe Nitrogen Fixed in the Presence of Varying Quantities op 


Tyrosine and Phenylalanine 

The nitrogen fixed in the absence of amino acid is taken as 100 per cent 



PARTS PER MILLION AMINOACIDS ADDED 

Fig. 6. Percentages op Nitrogen Fixed in the Presence op Varying Quantities op 

I-Tryptophane 

The nitrogen fixed in the absence of amino acid is taken as 100 per cent 

proline, 1-proIine, and l-histidine, are shown in figure 7. Hydroxyproline and 
Miistidine increase nitrogen fixation throughout the entire range of concen- 
trations used, whereas l-proline, which lacks the hydroxyl group, is without 
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effect. It is safe to conclude that none of these compounds would accumulate 
in quantities sufficient to retard nitrogen fixation in normal productive soils, 
and it is probable that hydroxyproline and 1-histidine may occur in the soil 
solution in quantities sufficiently great to increase nitrogen fixation by Azo- 
tobacter. 

The results obtained where the three proteins, casein, albumin, and gelatin 
were added to the synthetic medium are given in figure 8. 

^ Casein greatly stimulates nitrogen fixation by A. chroococmm when in solu- 
tion. Even 5 p.p.m. is very effective, and it reaches its maximum effect at 
20 p.p.m. In concentrations above this, it decreases the activity, but it 
is still a stimulant in concentrations of 150 p.p.m. In concentrations of 10 


HYDROXYPROLI NE 

L-HISTIDINE 

L-PROLINE 


PARTS PER MILLION AMINO ACIDS ADDED 

Fig. 7. Percentages or Nitrogen Fixed in the Presence or Varying Quantities or 

Hydroxyproline, 1-Histidine, AND I-Proline 

The nitrogen fixed in the absence of amino acid is taken as 100 per cent 

p.p.m. albumin increases nitrogen fixation 22 per cent; and in concentrations 
^ ®ut 0 per cent. Gelatin, on the other hand, has no significant 

effect on nitrogen fixation in concentrations below 50 p.p.m., but in concentra- 
tions above 50 p.p.m. it rapidly increases in toxicity. In concentrations 
oi loO p.p.m. of gelatm, all fixation of nitrogen by A. chroococmm ceases. 

he aHr-rri'r.'J! different proteins upon Azotobacter cannot 

a ibuted to their difference in solubility, because all were soluble in the 
medium nor can the retarding action of gelatm be attributed to the utfiization 

hvdroW nitrogen of the gelatin, for this organism cannot 

hydrolyze gelatm (8) and uses it to a very limited extent (35). Hence, gelatin 
must exert a direct toxic action on A . chroococcum. On the other hand rasein 
a umm, and dried blood all increase nitrogen fixation both in sofl (13) and in 
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solution. It IS possible that the action is similar to that of other colloids (10) 
for nitrogen fixation is decidedly increased by the addition of either soil humus 
or humic acid. ^ Soil extract and also extracts of plant tissues when added to 
I medium (10) increase nitrogen fixation by Azotobacter. 

When these extracts are ashed and the ash is added, part of the beneficial effect 
IS lost; hence the action cannot be attributed wholly to the mineral concen- 
tration, but may be due to (a) the colloidal constituents, albumins, globulins 
and casein, which increase the catalytic action of the iron (it has been demon- 
strated that colloidal iron is better for this purpose than iron in solution) or 
(6) other constituents, possibly vitamins, which may be carried by albumins 
and casern and which accelerated nitrogen fixation by A . chroococcum. 



PARTS PER MILLION NITROGEN ■ ADDED AS PROTONS ' 

Fig. 8. Percentages of Nitrogen Fixed in the Presence oe Varying Quantities oe 
Casein, Albumin, and Gelatin 

The nitrogen fixed in the absence of protein is taken as 100 per cent 

In order to determine whether any accessary substances soluble in water 
were responsible for the stimulation, casein was dialyzed for a week and then 
used. ^ The stimulating effect was reduced, but nitrogen fixation was stiU 

materially increased. 

SUMMAItY'-, 

A. chroococcwm was grown in a synthetic medium to which various quantities 
of the foUowing amino acids and proteins were added: glycine, leucine, dl- 
isoleucine, dl-valine, isovaline, 1-aspartic acid, glutamic acid, dl-lysine, d-argi- 
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nine, dl-methionine, cystine, tyrosine, phenylalanine, l-tfyf)tophaii6, 
hydroxyproline, i-histidine, 1-proline, casein, albumin, and gelatin; and its 
nitrogen-fixing powers were determined. 

Tyrosine, dl-isoleucine, hydroxyproline, and 1-histidine greatly increased 
nitrogen fixation by 

Phenylalanine and d-arginine were the only two amino acids used which 
materially retarded nitrogen fixation by .4. chroococcum. The other amino 
acids tested either slightly increased fixation or were without effect. 

Cystine and dl-methionine increased nitrogen fixation approximately 20 
per cent, and their actions nearly paralleled each other throughout the concen- 
trations tested. 

Phenylalanine is the only amino acid tested which may occur in soils in 
sufficient concentrations to retard nitrogen fixation by A, chroococcum. 

Casein and albumin materially increased nitrogen fixation by Azotobacter, 
whereas gelatin greatly retarded it. 
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Azotobacter is a widely distributed typical soil organism: approximately half 
of the soils examined throughout the world were found to contain this organism 
( 12 ). The presence of Azotobacter or its survival in the soil after it has been 
introduced is apparently contingent upon the presence of available carbo- 
hydrates or other energy sources; the presence of minerals, such as calcium, 
phosphate, potassium, iron, and molybdenum; proper soil aeration; suitable 
temperature and moisture; and a favorable soil reaction of pH 6.0 and above 
(11,35). 

Liming was found to produce a favorable effect upon the development of 
Azotobacter, especially in soils of humid regions ( 2 , 12 , 14, 15, 31). Wilson 
and Wilson (36) found, however, that CaCOs exerted an inhibiting effect on 
Azotobacter . They suggested that the carbonate-phosphate ratio might affect 
the development of the organism, particularly since the application of K 2 HPO 4 
to limed soil resulted in multiplication of Azotobacter. These results were 
not confirmed (23). Magnesium carbonate can replace CaCOs and may give 
even greater nitrogen fixation (3, 14). 

The addition of potassium salts and of phosphates to soils has frequently 
resulted in the stimulation of Azotobacter activity ( 1 , 15, 23, 25, 31, 36), with 
certain exceptions ( 22 , 32, 41). Molybdenum is essential to nitrogen fixation 
but is not essential to growth, since it is not effective in the presence of fixed 
nitrogen (4, 5, 6 ). Steinberg (30) reported, however, that molybdenum is 
essential for growth, even in the presence of fixed nitrogen. Van Niel (34) 
suggested the use of Azotobacter, by means of the soil plaque method, for 
determining molybdenum deficiency in soils. 

The addition to soils of various organic materials, such as green manure 
and fresh straw, has been found to enhance nitrogen fixation (35). It has been 
suggested that these residues serve, aside from their physical effect upon the 
soils, as potential sources of energy for the nitrogen-fixing bacteria. Other 
investigators (18, 24) claimed that this effect is due to the growth-promoting 
substances in the organic residues. It has also been suggested that these 
complex plant constituents protect Azotobacter against poisons or toxins. 
The presence of iron, aluminum, silicon, and other elements in the soil humus 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, department of 

soil chemistry and microbiology. 


21 


22 


H. EATZKELSON 


is believed to be largely responsible for the observed increases in nitrogen 
fixation (9, 19, 20, 23) in culture media containing soil extracts. 

It has long been recognized that fixed nitrogen, in the form of nitrate or 
ammonia, inhibits nitrogen fixation, since Azotobacter utilizes these com- 
pounds for growth in preference to the free nitrogen (6, 8, 17). Winters (40) 
found that small applications of available nitrogen to soil stimulated nitrogen 
fixation, whereas larger amounts repressed it. A concentration of 0.8-1 per 
cent of (NH 4 ) 2 S 04 was found (27) to be optimum for Azotobacter development, 
but larger amounts were definitely inhibitory. Ziemiecka (42) and Winograd- 
sky (38) concluded that, in fertile soils containing an abundance of nitrogen, 
Azotobacter may be depressed and, in many instances, entirely eliminated,’ 
smce this organism cannot effectively compete with the rest of the sofi popula- 
tion.^ Lochhead (21, p. 5-39) also observed a depressing effect of nitrate 
fertilization on Azotobacter, an observation not supported by Martin and 
Brown (22). 

In the following experiments an attempt was made to study the factors 
concerned in the establishment of Azotobacter in soils. 

EXPERIMENTAL 

Palouse silt loam^ supported at one time an active Azotobacter flora (32) 
In recent years, however, the Azotobacter population in this soil has decreased 
to the point where it can no longer be demonstrated. This soil and four soils 
obtamed from the New Jersey Agricultural Experiment Station plots were 
used m the following experiments. The treatments and composition of the 
soils are as follows (16, 33) : 


Palouse silt loam 
Sassafras loam 
Plot 7A 
Plot 7B 
Plot 5A 
Plot 5B 


Untreated virgin soil, in native grass 
Untreated 

Limed (2 tons per acre) every 5 years 
Unlimed, minerals*, cow manure 
Limed, minerals*, cow manure 


pH 

OEG.\NlC 

C 

TOTAL 

N 


per cent 

per cent 

6.2 

3.46 

0.209 

4.3 

0.61 

0.066 

6.3 

1.02 

0.080 

5.1 

1.80 

0.155 

6.4 

1.90 

0.145 


* Minerals: 320 pounds of superphosphate, 160 pounds muriate of potash, 320 pounds 
nitrate of soda per acre; cow manure: 16 tons per acre. ^ 

The soils were air-dried and passed through a 2-mm. sieve. Three-hundred- 
pam portions were placed in glass jars, brought to 50 per cent of the moisture- 
holdmg capacity and inoculated with a suspension of Azotobacter chroococcum 
prepared from 48-hour mannite-agar cultures. The soils were aUowed to 

frtam- T distribution of the moisture and 

organisms, samples were then removed for plating. Ail jars were weighed 
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w«Sy optimum by 

^ a modification of 

iflr« a^rt ^ silica-gel tcchnic (3/). The soil was removed from the glass 
ja s and spread m a thm layer on paper until air dry (about 2 hours) . It was 
then finely powdered with a spatula. Various quantities were weighed out 
accurately and spread as evenlyas possible over the surfaceof sterile nitrogen- 
ree mannite agar placed m IS-cm. Petri plates. Counts were made of Azoto- 
bacter colonies after 4-5 days’ incubation at 28°C. The method is simple 
and rapid, although only semiquantitative. Table 1 presents counts of 
Azotobacter made m a preliminary study of the untreated sofis. The un- 
metTo?^*^ contained no Azotobacter, as determined by the foregoing 

A marked decrease in the numbers of Az. chroococcum occurred in every soil 
ut especially m soils 7A and 5A; it was seldom possible to recover the organ- 

TABLE 1 

Survival of Azotobacter in untreated soils 


SOIL USED 

DAYS OE INCUBATION 


0 

20 

45 

75 

100 

Palouse sflt loam. . . . 
Soil 7A 

480 

0 

285 

200 

360 

130 

0,0* 

1 Afi 

100 

0, 0* 

0 

0,300’*- 

120 

50 

25 

Soil 7B 

0,0* 

0, 0* 

SoilSA 

0 

0 

0 

Soil SB... . 

0; 250* 

0 

1 

zou 

25 

0 

Reinoculated. 


ism 24 hours after its inoculation into these two soils. It seems to be well 

established (7, 10, 11) that reactions lower than pH 6.0 are destructive to this 
organism. 

vrJcD explain the elimination of Azotobacter from soils 

/P, 5E, and Palouse silt loam, since it was found that the strain of Az. chroococ- 
cum could develop at pH 6.0 in artificial media. 

_ These soils were next treated with various organic and inorganic materials 
m order to determme the factors influencing the survival of Azotobacter in soil 
In al cases 300-gm. portions of soil were used. The soluble materials were 
added together with the suspension of Azotobacter as the inoculum; lime, 
mannite, and the organic residues were thoroughly mixed with the dry soil 
prior to inoculation. The results are presented in table 2 . 

The addition of lime and molybdenum, alone and together, favored the 
persistence of Azotobacter in soil; CaCOa seems to have exerted a slightly 
Stimulating effect upon this organism. Because of the inaccuracy of the plat- 
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mg method, however, such diBFerences need not be significant. The reaction 
alone was evidently not the factor responsible for the disappearance of the 
organism in the soil, as the pH values for the control and for the molybdenum- 
treated soils were about the same. 

Soils treated with alfalfa, straw, and manure did not show any differences 
from those receiving CaCOs and molybdenum. The conclusion may, there- 

TABLE 2 

Survival of Az. chroococcum in Palouse soil, differently treated 
Numbers per gram of oven-dry soil 


SOIL TKEAXMENT'^ 


1 . Control.. 

2. CaCOg 

3. Na2Mo04 

4. CaCOs -}- Na 2 Mo 04 . . . 

5. Alfalfa 

6 . Straw 

7. Manure 

8 . Dried blood 

9. Mannite 

10. K 2 HPO 4 

11 . Supeiphosphate 

12 . Alfalfa + K 2 HPO 4 

13. Straw -f K 2 HPO 4 

14. Mannite + K 2 HPO 4 .... 

15. K 2 HPO 4 + (NH 4 ) 2 S 04 . . 

16. Mannite + K 2 HPO 4 -f 

(NH4)2S04 

17. Straw -j- K; 2 HP 04 + 

(NH4)2S04 

18. Superphosphate + 

K 2 HPO 4 (NH 4 ) 2 - 
SO 4 

19. MgCOg 

20 . MgCOa-f Na 2 Mo 04 .... 


DAYS OF INCUBATION 


1,300 

1,310 

1,250 

1,450 

1,340 

1,200 

1,150 

1,190 

1,050 

1,390 

1,510 

1,290 

1,530 

1,190 

1,460 

1,010 

1,362 


964 

1,280 

1,450 


1,200 

5.000 
1,100 
7,580 
3,160 

3.000 
3,920 

0 

600,000 

240 

60 

240 

700 

580 

75 

60 

60 


0 

1,300 

3,000 


210 

9,000 

3,200 

4,620 

2,300 

4,500 

2,800 

0 

200,000 
640 
10 
30 ^ 
600 
340 
105 

25 


0 

4,200 

6,400 


0 

2,000 

2,200 

3.400 
5,000 

4.400 
2,800 

0 

1,500,000 

20 

5 

0 

140 

100 

0 

0 


0 

5,000 

2,800 


0 

3,500 
2,200 
5,400 
3, 720 
4,200 
3,600 
0 

1,200,000 

5 

0 

0 

0 

100 

0 

0 


0 

3,800 

2,900 


final 

pH 


* Treatments 3 and 4, NazMoOj added at rate of 0.01 per cent- aU other m.t • v ’ ’ 

Azotobacter was due to the lime aud 
molybdenum The organic residues did not serve as sources of energy for this 

organism, Within the experimental period. 

Magnejum carbonate alone and with Na^MoO, brought about conditions 
favorable for Azotobacter as those with CaCOs and NadMoOd This is in 

( , 8, 14). The addition of mannite resulted in a rapid increase in thelumber 
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Despite the presence' of calcium and molybdenum, the remaining treatments 
brought about a marked decrease in the numbers of Azotobacter. Dried blood 
was definitely deleterious to the development of this organism. In the soils 
treated with dried blood, there were much greater numbers of microorganisms 
than in the soils treated with other organic residues; the competition for 
available nutrients, as well as the possible formation of toxic or lytic substances 
by the soil flora, may have been responsible for the rapid disappearance of the 
Azotobacter added to the soil (26). 

It was surprising to note that the addition of both superphosphate and 
K2HPO4 brought about a pronounced decrease in the numbers of Azotobacter. 
The amounts added (1 per cent) were decidedly too high; yet the concentration 
of available phosphate, in the presence of CaCOs, was probably somewhat low, 
since comparatively small amounts of phosphate would remain in solution 

TABLE 3 


Influence of concentration of potassium phosphate on sugar consumption and nitrogen fixation 

by Az. chroococcum’*' 


CONCENTRATION OR K 2 HPO 4 AND 
E:H2P04(9:1) 

SUGAR CONSUMED 

TOTAi NITROGEN 

per cent 

mgm. 

mgm. 

Umnocuiated control 

0.0 

0.42 

2.50 

192.5 

1.86 

2.00 

262.5 

2.60 

1.50 j 

287.5 

3.12 

1.00 i 

365.0 

3.54 

0.50 1 

1190.0 

15.09 

0.10 

1360.0 

11.34 . 

0.05 

1360.0 

11.87 


* In nitrogen-free dextrose medium (dextrose, 1360 mgm.). 


under such conditions. The presence of the phosphate, however, may have 
resulted in the precipitation of the iron or of other elements which the organism 
requires. 

To test further the specific effect of potassium and phosphate, experiments 
were carried out with pure cultures of Azotobacter in a nitrogen-free dextrose 
medium containing varying amounts of a constant ratio of K2HPO4 and 
KH 2 PO 4 (9:1); this buffer ratio was used to maintain the medium at a pH of 
7.2. Comparatively little sugar was consumed with the higher concentrations 
of the salts; with the lower concentrations (0.5-0.05 per cent) the dextrose was 
rapidly destroyed. Nitrogen fixation was greatest with 0.5 per cent phosphate 
(table 3). These results show that concentrations of phosphate greater than 
0.5 per cent suppressed the organism. 

The soil inoculation experiments were repeated. As sources of energy, 
mannite and glucose were used, as well as two alcohols and calcium salts of 
certain aliphatic acids (13, 39). The results, reported in table 4, show that 
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Azotobacter developed rapidly with mannite and glucose alone and with 
CaCOsand Na 2 Mo 04 , especially where the two inorganic constituents were 
added. The inhibitory effect of K 2 HPO 4 was again apparent, although a 
decrease in numbers was not obtained where K 2 HPO 4 alone was used. Of the 
other sources of energy, only calcium acetate enabled the organisms to survive. 
This effect may be due to the calcium itself rather than to the acetate, since 
the numbers of Azotobacter were no greater than with CaCOs alone (see table 
2). The possibility suggested itself that the concentration of these energy 
sources was too great. A similar experiment was therefore carried out, using 

TABLE 4 

Influence of treatment on persistence of Az. chroococcum in Palouse soil 
Numbers per gram of oven-dry soil 


SOIL TREATMENT* 


-f 


+ 


Control 

Mannite 

Mannite + CaCOs + Na2Mo04. 

K2HPO4 

Mannite + CaCOs + Na^MoOi 

K2HPO4... 

Glucose. 

Glucose + CaCOs + Na2Mo04 

Glucose + CaCOs + NasMoOs 

KsHPOs 

Calcium acetate. 

Calcium acetate + NasMoOs + CaCOi 
Ethyl alcohol 

Ethyl alcohol + CaCOs + Na2Mo04, . . . 

Calcium benzoate 

Calcium benzoate -f CaCOs + Na« 

M0O4...., 

Butylalcohol... 

Butyl alcohol + CaCOg -f Na2Mo04. . 


DAYS OF INCUBATION 


1,360 

880 

1,310 

1,120 

1,360 

1,110 

850 

930 

1,090 

1,330 

1,290 

880 


* All materials added at rate of 1 1 


12 

40 

108 

' pH 

) 880 

450 

50 

6.4 

> 150,000 

450,000 

300,000 

6.7 

' 206,000 

900,000 

4,000,000 

7.6 

' 1,110 

1,100 

1,200 

7.1 

2,000 

650 

45 

7.7 

104,000 

310,000 

190,000 

6.5 

138,000 

320,000 

900,000 

1 7.4 

1,000 

650 

120 

7.6 

2,200 

2,100 

2,680 

7.5 

1,900 

3,900 

3,420 

7.4 

0 

0 

0 

6.3 

30 

0 

0 

7.4 

0 

0 

0 

8.0 

35 

15 

4 

7.7 

0 

0 

0 

7.0 

0 

0 

0 

7.7 


■ per cent, except NasMoOs, 0.01 per cent. 

one-half the concentration of aU reagents except CaCOs and NasMoOs The 
data given m table 5 indicate that the reduced concentration of the energy 
sources resulted m the persistence of Azotobacter in these soffs. Ethyl aS 
^d ralcium acetate alone and especially in combination with calcium and 
molybdenum stimulated development of the nitrogen-fixing organisms 
An analysis of themumbers of fungi, bacteria, and actfnomyceS in the 
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mycetes. The possibility exists that the repression of Azotobacter by K2HPO4 
was due to the successful competition by the soh microflora for nutrients and 
even to the production by this active population of substances toxic to Azoto- 
bacter. It IS of mterest, however, that Azotobacter increased rapidly in the 
presence of ^nnite or glucose, even though the other organisms were simulta- 
neously multiplymg rapidly. It is only where the unusually large numbers 
occurred as a result of the addition of E: 2 HP 04 that inhibition of Azotobacter 

100. 

“ ’■fennlte+CaCO ^ifagMoO. 

■S 80. , ' 

u ! \ ’^’“WetCaflOgtjraaKoO^-^Ic.HpO^^ 





o 20 40 60 80 100 120 140 

DajfS 

Actinomycetes, and Bacteeia in Palouse Soil Receiv- 

iNG Dij'I'ebent Teeatments 

was manifested. The development, in the presence of K2HPO4, of a specific 
flora particularly antagonistic to Azotobacter, may also be inferred from 

these results. 

f mterest to direct attention to the fact that Rybalkina ( 26 ) 

omd that Azotobacter ckroococcum failed to multiply and even died out when 
moculated mto peat. ^ She concluded that this organism was inhibited or killed 
as a result of the toxicity of the peat itself, the presence of bacterial antagonists, 

or the devouring of large numbers by amoebae. 
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An attempt was next made to establish Azotobacter in soils 7Aj 7Bj 5Ay and 
5B. The results presented in table 6 show that in soil 7 A only the addition 
of CaCOs favored the persistence of Azotobacter. In all other casesj this 
organism could not be demonstrated even 24 hours after it had been inoculated. 
The addition of readily available energy sources brought about an increase of 
Azotobacter where CaCOs and Na 2 Mo 04 were present. The nitrogen-fixing 
organism persisted in 7B soils where lime was added; mannite and glucose^ 
together with CaCOs, brought about an increase in its numbers. 

The absence of lime in soil 5A was evidently responsible for the inability of 
Azotobacter to survive, although the organism could be recovered after 
inoculation. The pH of this soil is somewhat higher than that of soil 7A and, 
in addition, the organic matter in soil 5A may have exerted a partial though 

TABLE 5 


Persistence of Az. chroococcum in Palouse soil receiving difereni treatments 
Numbers per gram oven-dry soil 


SOIL TREATMENT* 

0 

DAYS OE 

12 

INCUBATION 

40 

108 

EINAL 

pH 

Control 

1,065 

860 

420 

90 

6.3 

Mannite. 

1,110 

45,000 

80,000 

150,000 

6.3 

Mannite + CaCOs + Na 2 Mo 04 + K 2 HPO 4 . . 

990 

1,190 

1,360 

1,200 

7.4 

Calcium acetate 

1,460 

1,580 

1,660 

2,600 

7.5 

Calcium acetate -f CaCOs -f Na 2 Mo 04 ' 

1,360 

2,100 

2,900 

3,600 

7.7 

Ethyl alcohol 

1,210 

2,600 

' 4,300 

5,000 

6.5 

Ethyl alcohol -f CaCO.i -f- Na 2 Mo 04 

1,290 

2,650 

5,000 

7,540 

7.3 

Calcium benzoate 

890 

690 

460 

460 

7.2 

Calcium benzoate -{- CaCOa + Na 2 Mo 04 

960 

1,010 

864 

965 

7.6 

Butyl alcohol 

1,300 

1,190 

720 

250 

6.9 

Butyl alcohol CaCOs Na 2 Mo 04 

1,190 

1,220 

650 

310 

7.3 


* CaCOs and Na 2 Mo 04 added at rate of 1 per cent and 0.01 per cent respectively, all other 
treatments 0.5 per cent. 


short-lived protective action against whatever factor was responsible for the 
disappearance of the organisms. This property has been ascribed to organic 
matter by various investigators (23, 35). 

The reaction of soil 5B was evidently not harmful to Az. chroococcum, since 
this organism persisted even in the absence of lime. Nevertheless, CaCOs 
was necessary for an increase of Azotobacter in the presence of maimite or 
glucose. The addition of maimite, lime, and molybdenum to the uninoculated 
soil, did not result in any development of Azotobacter. 

It thus appears that soils show marked differences in regard to their ability 
to support Azotobacter even in the presence of lime, molybdenum, and readily 
available energy sources. Other factors to be considered are the presence of 
phosphorus, iron, and aluminum; the physical condition of the soil; and the 

presence of organisms antagonistic to Azotobacter. 
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The extraordinarily rapid disappearance of Az, chroococcum in soil 7A was 
so striking that attempts were made to obtain some evidence as to the respon- 
sible factors. An acid-tolerant nitrogen-fixing bacterium, A%. indicum, 
isolated by Starkey and De (28, 29), was next used as the test organism. 
Platings were made as before except that dextrose was used as the energy source 
(29). Accurate counts could be made only with difficulty, since the organisms 
developed very slowly (7-10 days) on the plates; these tended, in the meantime, 
to be overrun by various organisms, including a rapidly growing yeast. Never- 
theless, the counts, even though only approximate, are of interest (table 7). 

TABLE 6 


Persistence of Az. chroococcum in soils 7 A, 7Bj 5 A, and 5B treated with various materials 
Numbers of organisms per gram oven-dry soil, X 10”^ 




SOIL 7 A 



SOIL 7B 



SOIL SA 



SOIL SB 


DAYS OF INCUBATION 

0 

12 1 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

Soil Treatment* 

Control. 

0 

0 

0 

0 

35 

0 

0 

0 

15 

0 

0 

0 

18 

10 

7 

1 

C3.CO3 

23 

24 

21 

29 

22 

35 

29 

24 

10 

15 

19, 

22| 

20 

35 

40 

31 

Na2Mo04. 

0 

0 

0 

0 

36 

9 

5 

6 

19 

0 

0 

0 

27 

18 

21 

25 

CaCOs *4" Na2M!o04 

19 

23 

26 

21 

29 

21 

22 

40 

11 

14 

25 

19 

16 

32 

35 

100 

Alfalfa 

o' 

0 

0 

0 

27 

8 

6 

7 

15 

0 

0 

0 

30 

15 

18 

11 

Straw 

0 

0 

0 

0 

21 

10 

5 

5 

21 

0 

0 

0 

19 

22 

10 

12 

Manure 

0 

0 

0 

0 

25 

12 

6 

9 

9 

01 

0 

0 

25 I 

21 

18 

14 

Mannite 

0 

0 

0 

0 

28 

24 

27 

40 

16 

0 

0 

0 

21 

29 

42 

47 

Glucose 

0 

0 

Oi 

0 

32 

34 

40 

45 

18 

0 

0 

0 

27 

22 

35 

36 

Malfa + CaCOs + Naj- 
M 0 O 4 . 

24 

19 

18 

16 

39 

25 

21 

23 

13 

9 

15 

10 

20 

35 

41 

35 

Straw + CaCOs -f- Na 2 - 
M 0 O 2 

18 

17 

31 

18 

29 

26 

29 

22 

22 

18 

12 

' 15 

29 

'3ll 

36 

29 

Manure 4* CaCOs 4* Na 2 - 
M 0 O 4 

[ 22 

[ 

20 

26 

I 

20 

21 

27 

35 

21 

11 

8 

13 

9 

21 

18 

29 

25 

Mannite + CaCOs + Naa- 
M0O4. 

16 

24 

35 

100 

26 

95 

156 

460 

10 

15 

i 

: 36 

155 

18 

90 

180 

720 

Glucose 4“ CaCOg -j- Na 2 - 
M 0 O 4 ... 

19 

16 

26 

85 

35 

60 

121 

'350 

18 

12 

30 

128 

28 

80 

150 

600 


* Na 2 Mo 04 added at rate of 0.01 per cent, remaining treatments 1 per cent. 


The unlimed soil of plot 7A completely inhibited or destroyed A%. 
indicuMj tolerant as it is in pure culture to a pH as low as 3.0 (28). The 
beneficial effect of lime was apparent, but the organism decreased, in time, 
with lime alone. This decrease may have been due to lack of an available 
energy source, for when dextrose was supplied, as in treatments 7 and 8, the 
organism actually multiplied. 

A soil as acid as soil 7 A undoubtedly contains dissolved iron and aluminum 
(16). An experiment was therefore arranged to test the effect of soluble 
aluminum, as Al 2 (S 04 ) 8 /at different pH ItYds on hot)i Az, chw^ 
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Az. indicum. Nitrogen-free dextrose medium was placed in 250-cc. Erlen- 
meyer flasks and inoculated with uniform suspensions of each organism. 
Tests for the survival of the organisms were made by spreading 1-cc. portions 
of the inoculated media on the surface of nitrogen-free mannitol and dextrose 
agars in Petri plates. It is shown in table 8 that Azoiobacter chroococcum 
cannot withstand a pH of 4.0 for 24 hours or a pH of 5.0 for 4 days; the latter 
reaction also restricted development of the organism in 24 hours. The in- 


INCUBATION 


days 

Of 

13 

25 


TABLE 7 

Surv-ival of Az. indicum in soil 7 A 
Numbers per gram of oven-dry soil 


tnUTLIMED 


LIMED* 


8,400 

2,320 

1,500 


8,800 

2,900 

1,200 


TdNLlMED + 
DEXTROSE* 


LIMED -}- DEXTROSE* 


9,000 

28,000 

35,000 


^ Lime and dextrose, wkere used, were added at the rate of 1 per cent, 
f Zero plating 24 hours after inoculation. 


8,400 

21,000 

29,000 


TABLE 8 

Influence of reaction and of aluminum on the survival of Az. chroococcum 


Reaction pE 


4.0 



S.o 



6.0 



7.0 


Bays of incubation 

0 

1 

4 

10 

0 

1 

4 

10 

0 

1 

4 

10 

0 

1 

4 

10 

Ah {SOi)z p.p.m. 

,0'" 

4 

0 

0 

0 

4 

2 

0 ' 

0 

4 

4 

4 

2 

4 

4 

4 

3 

10 

4 

0 

0 

0 

4 

0 

0 

0 

4 

3 

2 

2 

4 

4 

4 

3 

25 

4 

0 

' 0 

0 

4 

0 

0 

0 

4 

3 

2 

1 

4 

3 

4 

2 

50 

4 

0 

0 

0 

4 

0 

0 

0 

4 

3 

2 

0 

4 

3 

3 

2 

75 

4 

0 

0 

0 

4 

0 

0 

0 

4 

2 

1 

0 

4 

3 

3' 

2 

100 

4 

0 

0 

0 

4 

0 

0 

0 

4 

2 

0 

0 

4 

3 

3 

2 


0 no growth, 1 - slight, 2 ~ fair, 3 = medium, 4 = abundant. 

hihtive effect of aluminum was clearly apparent, 10 p.p.m. at pH 5.0 being 
sufficient to mactivate Azotobacter in 24 hours. At pH 6.0 aluminum again 
exerted a suppressing influence in 24 hours at concentrations of 75 to 100 
p.p.m. and at a concentration of 10 p.p.m. in 4 days. A toxic effect of this 
element was noted even at pH 7.0, although at this high reaction the effect 
was less pronounced because some of the aluminum was probably precipitated. 

The data given m table 9 mdicate that Az. indicum was much more tolerant 
than Az. chroococcum to high acidity even with relatively high concentrations 
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of aluminum. By the tenth day, however, there was some evidence of re- 
pression at pH 4.0 with 100 p.p.m. of Al 2 (S 04 ) 3 . Comparison of turbidities 
of the different culture flasks indicates that there was definite inhibition with 
increasing concentrations of aluminum. This was particularly pronounced 
at pH 4.0 and was noticeable also at pH 5.0 with 75 and 100 p.p.m. of the 
aluminum salt. 

It might be argued that the sulfate radical was the toxic one, but as is shown 
in the following experiment, both the organisms used in this study were toler- 
ant to much greater concentrations of sulfate than those used in the foregoing 
experiment. , 

In order to prove whether toxic substances are present in soil 7A, a quantity 
of this soil was extracted with distilled water for 2 hours with constant shaking. 
After being passed through paper, the filtrate was divided into six 30-cc. por- 

TABLE 9 


Influence of reaction and of aluminum on the survival of Az. indicum on agar and in liquid medid^ 


1 

Reaction pH \ 

4.0 

5.0 1 

1 

6.0 

7.0 

Concentration of ! 

Al2(S04)3 . . . .p.p.m. 

0 

iO 

so 

100 

0 

10 

50 

100 

0 

10 

50 

100 

0 

10 

50 

100 

days 

















Growth on agar 


0 

4 

4 

1 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

1 

4 

4 

1 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

3 

3 

3 

3 1 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

10 

3 

3 

3 

2 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 


Growth in liquid media^ relative turbidity 


10 ^ 

3 

2 

2 • 

1 

4 

4 

4 

2 

4 

4 

4 

4 

4 

4 

4 

4 

20 

3 

2 

2 i 

1 

4 

4 

4 1 

3 

4 i 

4 

4 

3 

4 

4 

■4 1 

4 


* 1 = slight growth, 2 = fair, 3 = medium, 4 — abundant. 


tions. Two were filtered through sterile Berkfeld (N) candles, two were 
sterilized at 15 pounds for 15 minutes, and two were evaporated to dryness 
and ashed. The ash was taken up with concentrated sulfuric acid and brought 
to pH 6.7 with NaOH; the volume of each sample was made to 30 cc., and both 
aliquots were sterilized for 15 minutes at 15 pounds; the liquids contained an 
abundance of flocculent aluminum and iron. One set of these preparations 
was inoculated with Az. chroococcum, and the other with Az. indicum. Tests 
were made immediately after inoculation and at various intervals. 

The data presented in table 10 indicate that As. indicum can survive for at 
least 10 days in the soil filtrates at pH 4.4, which contained considerable 
soluble iron and aluminum, and in the solution of the ashed filtrate adjusted 
to pH 6.7. 04s. chfoococcum was much less tolerant: the cells were completely 
destroyed in the add filtrate in 24 hours, and the nearly neutral liquid was also 
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soniewliat toxic. The reaction of the Berkfeld and sterilized filtrates inoculated 
with Az. chroococcum was adjusted to pH 7.0, and a heavy precipitate of iron 
and aluminum was formed. The filtrates were once more inoculated with 
Azotohacter chroococcum^ and the organism could be demonstrated even after 
4 days. The combined effects of reaction, iron, and aluminum seem, there*' 
fore, to be responsible for the inhibition of this organism at pH 4.4, 

The foregoing studies suggest that a low pH and possibly soluble aluminum 
are the factors chiefly responsible for the suppression of Az. chroococcum in 
soil 7A. The reason for the inhibition of A%. indicum in the same soil, un- 
treated, is still unknown. 

TABLE 10 

Influence of soil extract upon the development of Azotohacter'^ 




Az. chroococcum 


Az. indicuvi 



Berkfeld 

filtrate 

Sterilized 

filtrate 

Ashed filtrate 

Berkfeld 

filtrate 

Sterilized 

filtrate 

Ashed filtrate 

da'ss 

0 

4 

4 

4 

4 

4 

4 

1 

1 0 

0 

2 

4 

4 

4 

4 

0 

0 j 

1 

4 

4 

4 

10 

0 

0 

1 

4 

4 

4 

pH 

4.4 

4.4 

6.7 

4.4 

4.4 

6.7 


* 0 = no growth, 1 = slight, 2 == fair, 4 == abundant. 


SUMMARY 

Five soils, Palouse silt loam and four soils from the New Jersey Agricultural 
Experiment Station plots 7A, 7B, 5A, and 5B, were found to lack Azotohacter, 
Attempts were made to determine the factors which may lead to the establish- 
ment of this organism in these soils. 

The inoculation of Az, chroococcum resulted in a sharp decrease in numbers, 
especially in the more acid soils 7 A and 5 A, where they tended to disappear 
shortly after introduction. No lytic agents could be isolated from these soils. 

The inoculation of Az, chroococcum into the Palouse soil receiving different 
treatments brought out several interesting facts. The organism survived 
when molybdenum and CaCOs were added alone or together. An increase in 
numbers occurred only in the presence of readily available sources of energy, 
such as mannite or glucose, as well as with ethyl alcohol and calcium acetate 
in appropriate concentrations (0.5 per cent) ; at higher concentrations (1 per 
cent), ethyl alcohol, butyl alcohol, and calcium benzoate completely suppressed 
Azotohacter. Alfalfa, straw, and manure did not stimulate the development 
of, Azotohacter, nor did they prove harmful. Dried blood ’was definitely 
injurious. Phosphate, alone or in combination with various organic materials 
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(mannitol, glucose, straw, etc.) was inhibitive in concentrations of 1 per cent 
and 0.5 per cent. Pure culture studies indicated that a 1 per cent concentra- 
tion of K2HPO4 and EiH 2 P 04 , in the ratio of 9:1, markedly inhibited sugar 
consumption and nitrogen fixation. Counts of soil microorganisms were 
significantly higher in the presence of K2HPO4, alone and particularly when 
combined with glucose or mannitol, than those of the same soils with carbo- 
hydrates alone. The unsuccessful competition with this microfiora for 
nutrients was suggested as a probable explanation for the inhibition of Azoto- 
bacter in phosphate-treated soils. 

Az, chroococcum was inoculated into soils from the station experimental plots 
5A, 5B, 7A, and 7B, which were modified by various treatments. This 
organism persisted in soils 5A and 7A only upon addition of lime. The addi- 
tion of readily available sources of energy to these soils, in the presence of 
lime, stimulated multiplication of Azotobacter to a certain extent. It was 
possible to recover the organism from the limed soils 7B and 5B even after a 
considerable period had elapsed after inoculation; mannite or glucose enabled 
the organism to develop in the presence of CaCOs. 

Different soils were shown to vary in their ability to support Azotobacter, 
even though the reaction was favorable and readily available sources of energy 
were supplied. Unsuccessful competition with the microfiora and micro- 
fauna of these soils, the presence of toxic substances, and the absence of certain 
nutrients, such as phosphate and potassium, may be considered as among the 
factors responsible for the inability of Azotobacter to survive in these soils. 

Az, indicum, an acid-tolerant nitrogen-fixing organism, could not survive 
in the acid soil 7A for 24 hours, but in the presence of lime it persisted, and 
upon addition of lime and dextrose it multiplied. Heavy suspensions of this 
organism as well as of Az, chroococcum were added to nitrogen-free dextrose 
media, adjusted to different pH levels and containing varying amounts of 
Al 2 (S 04 ) 3 . The latter organism could not persist for 24 hours at pH 4.0 and 
decreased rapidly at pH 5.0. A low pH (4.0) and a low aluminum content 
did not appreciably affect Az. indicum, but higher concentrations of aluminum 
sulfate (75 to 100 p.p.m.), especially at pH 4.0, definitely delayed development 
though they did not completely stop its growth. It was concluded that both 
the low pH and the soluble aluminum were partly responsible for the dis- 
appearance of Az. chroococcum in the acid soil 7A, but no explanation could be 
found for the elimination of Az. indicum from this soil in 24 hours. Water 
extracts of this soil yielded no clue as to the inhibiting factor. The low pH 
of these extracts (pH 4,4) was sufficient to inhibit Az. chroococcum but not 
Az. indicum. Though this extract contained considerable soluble iron and 
aluminum, it was not inhibitive to either organism when the reaction was 
adjusted to pH 6. 7-7.0 or to Az. indicum pH 4.4. Whatever the destruc- 
tive factor was, the presence of lime was sufficient to overcome its deleterious 
effects. 
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The experiments indicate that it is possible, by appropriate soil amend- 
ments, to establish Azotobacter and to stimulate its development in soils 
originally inimical to it. 
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In the production of wood pulp for paper or rayon manufacture, wood chips 
are digested with sulfite leach liquor. The leachate, which contains large 
amounts of lignin, sulfur, and some sugars, as well as various other substances, 
is termed “waste sulfite liquor.’’ Disposal of this waste is a serious problem. 
Various investigations directed toward possible utilization of this material 
have met with only moderate success. 

Phillips et al. (6) point out that the annual discharge from wood pulp mills 
in this country contains about 1,500,000 tons of lignin, which is equivalent 
to some 27,000,000 tons of liquor. This material carries a large quantity of 
combined sulfur, calcium, and potassium, and other substances in varying 
quantities. The approximate specific gravity of the liquor is 1.12, and the loss 
from drying is about 89 per cent (5). As may be seen from table 1, waste 
sulfite liquor contains considerable material that should affect soil fertility and 
the growth of plants. 

Though these data are subject to large variation and error, they serve to give 
an idea of the quantity of waste liquor and its contents yearly dumped into 
streams, in many instances causing damage as well as loss of materials that 
might be recovered and utilized. 

The bulkiness of the waste product probably prohibits the use of the material 
in the raw state as a fertilizer. There is considerable interest, however, in 
knowing what the effect is when the liquor, in the raw state, is added to the 
soil. The relatively high sulfur content of the liquor lends interest to the 
question of using the material on sulfur-deficient soils. Likewise, the high 
acidity suggests investigation of the possibility of using the liquor for correct- 
ing alkali soils. Data on this latter problem will be presented at a later date. 

Use of the raw liquor on soils is commonly regarded as undesirable because 
of toxic effects on plants and microorganisms, although no experimental work 
to support this claim has been reported. Investigations to determine the 
specific effects of raw waste sulfite liquor on plant growth, solubility of soil 

I Graduate student, professor of soils, associate professor of chemistry, and associate 
professor of bacteriology, respectively. Published as Technical Paper No. 321, with the 
approval of the director of the Oregon Agricultural Experiment Station. Contribution of 
the departments of soils, chemistry, and bacteriology. 
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nutrients, and microbial processes in the soil were carried out on Newberg 
loam, a slightly acid soil of high natural fertility. 

METHODS 

Soils were treated with varying amounts of liquor in cans in the greenhouse 
to determine the toxic concentration. The cans held 1 pound of soil. Sun- 
flowers were grown as indicator plants and were allowed to germinate and 
come through the soil before the liquor was applied. In treating with liquor, 
2 cc. was put on the soil after seed germination, and the treatment was doubled 
or tripled weekly until the desired amount of liquor had been added. After a 
6-week period of growth, the plants were measured for height and then were 
harvested for dry weights. Treatments were in quadruplicate, and five plants 
were grown in each can, giving 20 plants for each treatment. 

TABLE 1 


Approximate composition of waste sulUte liquor"^ 



PER CENT 

TON.S 

Total solids 

10.7 

2,889,000 

Sulfur 

0.98 

264,600 

Calcium 

0.48 

129,600 

Potassium. 

0.031 

5,370 

Nitrogen 

0.004 

1,155 

Lignin 

5.53 

1,500,000 

Phosphorus 

0.0017 

459 

Sugars. 

1.81 

488,700 

Carbon. 

0.93 

251,100 


* Potassium, phosphorus, calcium, and carbon were determined by J. B. Spulnik on a 
s^ample of liquor from the Rayonier pulp mill. Nitrogen was obtained from data by Phil- 
lips et al. (6). Other data are from Partansky and Benson (5). 


The effect of the liquor on soluble nutrients was determined by treating the 
soil in the same way and incubating for varying periods without planting. 
Water extracts (1:5) were used for analysis. Potassium was determined by 
the cobaltinitrite method (4). The calcium was precipitated as the oxalate 
and titrated with standard permanganate in the usual way. The sulfate sulfur 
was precipitated and weighed as barium sulfate. Nitrates were determined 
by the phenoldisulfonic acid method ( 1 ). 

The effect of the liquor on biological processes was studied by treating i-kgm. 
portions of soff in a respiration apparatus and aerating with CGa-free air. The 
carbon dioxide produced by the organisms bringing about the decomposition 
was determined by the method of Bollen and Ahi (2); the carbon dioxide was 
absorbed in sodium hydroxide and double titrated with standard sulfuric acid, 
phenolphthalein and brom phenol blue being used as indicators. 

In the microbial counts, peptone-glucose-acid agar was used for molds, and 
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sodium albuminate agar as described by Fred and Waksman (3) was used for 
bacteria and actinomyces. Duplicate plates from appropriate dilutions were 
poured and the numbers of colonies counted after incubation at 28‘^C. until 
the colonies could be distinguished. 

The titration curves were made from data obtained by using 10-gm. samples 
of soil and adding acid, alkali, or liquor as indicated with enough water to make 
a 1:5 suspension. The pH was measured with a glass electrode after 30 min- 
utes of shaking. Ten grams soil and ten cubic centimeters liquor were mixed 
together and titrated with alkali in a similar manner. 

RESULTS OF STUDY 
Effect of w,s,l} on plant growth 

The data in table 2 show that sunflowers grew satisfactorily in Newberg 
loam with rather high concentrations of w.s.l. There was no toxic effect up 

TABLE 2 


Ejfect of w. s, 1. on the growth of sunflowers 


W. S. L. TREATMENTS 

AVERAGE HEIGHT 

OF PLANTS 

DRY WEIGHT 

OF PLANTS 1 

AVERAGE WEIGHT 

OF PLANTS 

INDEX OF GROWTH 

CC. 

cm. 

gm. 

gm. 


Control 

38.0 

3.54 

0.19 

41.1 

2 i 

40.7 

4.12 

0.21 

44,5 

4 j 

45.6 

4.97 

0.26 

51.0 

8 

45.3 

5.32 

0.28 

1 51.7 

16 

43.1 

3.58 

0.24 

47.9 

22 

41.2 

3.18 

0.23 

45.8 

30 

32.8 

1.14 

0.23 

38.8 

48 

28.8 

0.76 

0.25 

35.5 


to an addition of 30 cc., which corresponds to 84 tons of liquor per acre. The 
growth response is shown in the column ^dndex of growth.’^ This figure is 
calculated by taking the greatest height attained by any treatment (60 cm.) 
as 100. Other treatments then produce heights which are a certain per cent 
of the maximum. The greatest dry weight for a single plant (1 gm.) is used 
in the same way for weight comparisons. The height and weight percentages 
obtained in this manner are added and divided by two. This figure becomes 
the index of growth. Table 2 shows that the normal growth of the control 
under the conditions provided for sunflowers is 41.1. A lower figure than this 
indicates toxicity. In the 30- and 48-cc. applications, the average weights of 
the plants are high because only five of the twenty original plants survived, 
yet the height of these plants shows the toxic effect of the liquor. Can 7 

2 Throughout this section of the paper, w.s.l. is used as an abbreviation for waste sulfite 
liquor. 
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(pi. 1, fig. 1) received a 30-cc. application of w.s.L; only one stunted plant 
grew, showing definite toxicity. 

The effect of lime and w.s.L without other nutrient additions to the soil is 
shown in table 3. Enough lime was added to neutralize the w.s.L The appli- 
cation of 0.8 gm. of lime without liquor, which is equivalent to 2 tons per acre, 
definitely increased growth. In the neutralization of the w.s.L with lime, there 
was no toxic effect up to and including 30-cc. applications of the liquor. The 

TABLE 3 

Effect of w. s. 1. and lime on growth of sunflowers 


W. S. L. 

TREATMENTS 

IIME 

AVERAGE KEIGHT 
OF PLANTS 

WEIGHT OF 
PLANTS 

AVERAGE WEIGHT 
OF PLANTS 

INDEX OF 
GROWTH 

CC. 

gm. 

cm. 

gm. 

gm. 


Control 


38.0 

3.54 

0.19 

41.1 

0 

0.8 

41.4 

5.27 

0.26 

47.5 

2 

0.04 

41.5 

5.19 

0.29 

49.0 

4 

■ 0.08 

43.9 

5.20 

0.27 

: 50.0 

8 

0.16 

41.1 

4.46 

0.30 

49.2 

16 

0.32 

41.5 

4.59 

0.24 

46.5 

22 

0.64 

39.4 

4.79 

0.28 

46.8 

30 

1.28 

37.6 

3.40 

0.21 

41.8 


TABLE 4 

Effect of w. s. 1. used as a source of sulfur for sunflowers over a 6-week period 


TRE.ATMENT 

SULFUR 
SUPPLIED 
BY LIQUOR 

AVERAGE 

HEIGHT 

OF PLANTS 

DRY 

WEIGHT 

OFPL.ANTS 

AVERAGE 

WEIGHT 

OP PLANTS 

INDEX OF 
GROWTH 

i 

Control 

gm. 

cm. 

38.0 

gm. 

3.54 

gm. 

0.19 

41.1 

Complete nutrient 

0.439 

52.6 

17.98 

0.94 

90.8 

2 CC. w. s. 1. S-omit 

0.022 

54.2 

14.60 

0.73 

81.7 

4 CC. w, s. L S-omit. 

: 0.044 

57.0 

13.75 

0.72 

83.5 

8 CC. w. s. 1. S-omit 

0.088 

55.9 

13.88 

' 0.82 

87.5 

16 CC. w. s, 1. S-omit. . 

0.176 

55.5 

13.85 

0.77 

1 85.0 

22 CC, w. s. 1, S-omit 

0.24 

56.7 

13.81 

0.86 

j 90.2 

S-omit 


47.6 

11.38 

0.57 

68.1 


plants in this case were definitely more sturdy, as shown by the weights given 
in table 3. The heights of the plants increased very little. The index of 
growth indicates that the 4-cc. application is the most favorable to growth. 
This corresponds to 11.2 tons of liquor per acre. 

Table 4 shows the effect of w.s.L used as a source of sulfur. The complete 
nutrient used was a solution containing 0.035 gm. potassium, 0.02 gm. nitrogen 
as nitrate, 0.0217 gm. phosphorus as phosphate, 0.028 gm. calcium, 0.0168 gm. 
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of this solution was applied during the growing period. The nutrient with 
sulfur omitted was the same as the complete nutrient except for the omission 
of the sulfur. Only 1610 cc. of this solution was used during the growing 
period. 

The fertilization with the complete nutrient more than doubled the growth 
of sunflowers, as shown by the index of growth. The nutrient with sulfur 
omitted caused an increase in growth of 66 per cent over the control. There 
was a general increase in yield with increased use of w.s.l. along with the other 
nutrients. Growth was nearly as good when 22 cc. of liquor was used as a 
source of sulfur as when sulfur was supplied in the usual way in the complete 
nutrient. This amount of liquor provides about 0.24 gm. of sulfur. Evi- 
dently the liquor was a satisfactory source of sulfur, and less sulfur was needed 
than was supplied by the complete nutrient. 

TABLE 5 


EJ'ect of w. s, L used as source of sulfur and neutralized with lime on growth of sunflowers 


TREATMENT 

LIME 

AVERAGE 

HEIGHT 

OE PLANTS 

WEIGHT OF 
PLANTS 

AVERAGE 

WEIGHT 

OF PLANTS 

INDEX OF 
GROWTH 

Control 

gm. 

cm. 

38.0 

gm. 

3.54 

gm. 

0.19 

41.1 

Complete nutrient 


52.6 

17.98 

0.94 

90.8 

S-omit 


47.6 

11.38 

0.57 

68.1 

S-omit 

0.8 

41,1 

7.80 

0.39 

53.8 

S-omit 2 cc. w. s. 1 

0.04 

54.6 

13.65 

0.68 

79.5 

S-omit 4 cc. w. s. 1 

0.08 

50.6 

12.98 

0.65 i 

74.6 

S-omit 8 cc. w. s. 1 

0.16 

1 56.0 

12,74 

0.91 

92.1 

S-omit 16 cc. w. s. 1 

0.32 

1 50.6 

13.63 

1 0.68 

76.1 

S-omit 22 cc. w. s. 1 

0.64 

j 54.7 

12.73 

0.75 

83.0 


Figure 2, plate 1, shows the growth responses when the liquor served as a 
source of sulfur. Increase in growth follows increased additions of w.s.l. 

Table 5 shows the effect of w.s.l. used a source of sulfur and neutralized 
with lime. Additions of lime tend to decrease growth in comparison to the 
unlimed treatments. With the addition of 8 cc. of w.s.l. and 0.16 gm. lime, 
the index of growth is higher than that with the complete nutrient. 

One series of treatments was run in which the w.s.l. with’ no other treatment 
was put on the soil immediately after planting. Complete data are not avail- 
able for this experiment, as greenhouse assistants destroyed the plants. The 
seed germination and growth were not disturbed by additions up to 16 cc. of 
w.s.l. With the next higher addition, 32 cc., germination was delayed for 2 
weeks, and only one seed grew. Here again w.s.l., when added up to this toxic 
limit, increased growth. The results of this study are shown in figure 3, 
plate 1. 
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Effect of w.s.L on water-soluble nutrients of soil 

The soil, treated with w.si. as indicated in table 6, showed an increase in 
potassium, calcium, and sulfate in the water extract. The nitrate content 
decreased immediately on the addition of the liquor . Upon incubation, there 
was a complete loss of nitrate. This may be due to the chemical reaction 
between the sulfites or sulfides present in the liquor and' the soil nitrates. 
Since there was a decrease in nitrates immediately, this explanation seems rea- 
sonable.' The total absence of .nitrates at the end of the 2-week period may be 
caused in, part by microbial activity. . The sugars and. other easily decompos- 
able organic compounds in the liquor stimulate the microorganisms which 
utilize nitrates. The acidity caused by the w.s.L produces an unfavorable 
medium for nitrification. 

Soluble potassium was increased fivefold by the addition of 16 cc. of w.s.l. 
Since the potassium content of the liquor is 0.0035 gm. per 1 cc., the liquor 
added accounts for most of the increase. There was a general increase of 

; TABLE 6 


Ej^ect of w. s. 1. on water-soluUe nutrients of Neivherg loam soil 
Results in p.p.m. 


w. S. L. , 


CALCIUM 



S AS S O 4 



3 

I 



N' A,S NO* 


TREATMENT 

















PER 4,000 

0 

2 

5 

10 

0 

2 

5 

10 

0 

2 

5 

10 

0 

2 

s 

10 

GM. SOIL , 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. 

wk. i 

wk« 

CC, 

0 

20 

27 

35 

40 

2 

2 

5 

3 

4 

4 

6 

'6 

8 

8 

9 

9' 

2 

28 

41 

44 

47 

8 

20 

33 

30 

■ 5 

5 

8 

1, 8 

7 

0 

0 

0 

4 

100 

80 

75 

61 

19 

46 

61 

72 

11 

13 

12 

11 

7 

0 

1 0 ' 

0 

8 

150 

145 

160 

|144 

26 

50 

98 

|l48 

13 

13 

1 16 

19 

5 

0 

0 

0 

16 

410 

331 

262 

224 

48 

120 

149 

212 

20 

20 

' 23 

25 

4 

0 

0 

0 


water-soluble potassium on incubation, which may be caused by the slow base- 
exchange reaction taking place. 

The sulfur present in the w.s.l. is in the form of sulfides, sulfites, sulfates, and 
organic sulfur compounds. Immediate analysis of soil treated with the liquor 
is shown in table 6. The increase of the water-soluble sulfates is due to their 
presence in the liquor. Incubation for 2 weeks doubles the sulfate concentra- 
tion in almost every treatment. Longer periods of incubation increase the 
sulfate content, but the increase is not so pronounced as in the initial 2-week 
period. The sulfur oxidation may be brought about in part by the oxidation 
of the reduced forms of sulfur by soil air, as well as by the action of sulfur- 
oxidizing molds and bacteria. Not all of the sulfur added as w.s.l. was con- 
verted to sulfates. The maximum conversion after 10 weeks represents about 
60 per cent of the total suKur added in the liquor. 

Table 6 shows an immediate increase in the amount of water-soluble calcium. 
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Since the liquor contains 0.004 gm. calcium per cubic centimeter, the increase 
was expected. In the heavier treatments, the amount of calcium found ex- 
ceeds the water-soluble calcium content of the soil and the calcium added in 
the w.s.l. by a large amount (230 p.p.m. excess for the 16-cc. treatment in 
original analysis). The acidity of the liquor when added to the soil causes a 
base replacement, freeing calcium from the colloidal complex by substitution 
with hydrogen. On the other hand, incubation decreases the soluble calcium 
in every treatment. This reversal may be explained on the basis of the 
solubility of calcium sulfite in water. In the formation of sulfite leach liquor, 
which is used in the extraction of cellulose from wood, limestone is treated with 
sulfurous acid. The following equations indicate the reaction; 

CaCOs -f H2SO3 CaSOs + H2CO3 

CaSOs + H2SO3 — Ca(HS03)2 

The solubility of CaS03-2H20 is but 0.0043 gm. per 100 gm. water at 18° C. 
(7). The CaSOs is highly soluble in sulfurous acid. In w.s.l. there is enough 
free sulfurous acid to keep the calcium sulfite in solution. This is the case 
m the immediate analysis of the treated soil. On incubation free H2SO3 is 
oxidized, and the pH of the treated soil increases (table 8). This decrease of 
acidity would cause the following raction : 

Ca(HS03)2 CaSOs + H2SO3 
This forms the insoluble calcium sulfite. 

Effect of w.s.l. on the biological activity of soil 

Carbon dioxide evolution from Newberg loam treated with w.s.l., wheat 
straw, and calcium nitrate is shown in figure 1. The carbon dioxide evolved per 
day is given in milligrams of carbon. Since the greatest part of the carbon in 
the soil is present in the organic matter, the carbon dioxide evolved is used as 
an indication of organic matter decomposition and biological activity. The 
results show that any addition of other organic substances with the sulfite 
liquor increases the amount of carbon evolved in the earlier period of incuba- 
tion. Upon further incubation, the curves begin to level oflf, and an equi- 
librium is reached. Additions of 5 and 10 cc. of w.s.l. increase the carbon 
dioxide evolved over the control. This is due to the easily decomposed or- 
ganic substances, such as the sugars, contained in the v/.s.l. Calcium nitrate 
added to Newberg loam decreases the normal evolution of carbon dioxide, 
a reaction which may be caused by changing the biological flora. A shortage 
of easily decomposable organic matter may permit ascendency of autotrophes, 
which consume carbon dioxide. The addition of w.s.l. and calcium nitrate, 
however, increases carbon dioxide production over that of w.s.l. alone. In 
this case, carbohydrates which are readily attacked by the microorganisms 
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DAYS 

Fig. 1. Effects of Treatments on Carbon Dioxide Evolved from Newberg Loam 
Rates of Application per kilogram of soil: 1. Control; 2. 5 cc. w.s.L; 3. 10 cc. w.s.L; 
4. 4 gm. wheat straw; 5. 5 cc. w.s.L and 4 gm. wheat straw; 6, 10 cc. w.s.L and 4 gm. wheat 
straw; 7. 0.88 gm. Ca(N 03 ) 2 ; 8. 10 cc. w.s.L and 0.88 gm. Ca(N 03 ) 2 ; 9. 4 gm. wheat straw 
and 0.88 gm. Ca(NOs) 2 ; 10. 10 cc. w.s.L, 4 gm. wheat straw, and 0.88 gm. Ca(]Sr03)2. 

TABLE 7 


Molds, bacteria, and actinomyces in Newberg loam treated with wheat straw, w. s, I., a^td 

calcium nitrate 


TREATMENT PER KGM. SOIL 

10 DAYS 

240 DAYS 

310 DAYS 

Molds* 

Actino- 

myces 

and 

bac- 

terial 

Molds* 

Actino- 

myces 

and 

bac- 

terial 

Molds* 

Actino- 

myces 

and 

bac- 

terial 

Control 

85 

175 

210 

48 




115 

700 



260 

37 

10 cc. w. s. 1 

70 

250 



385 

■ '97 

4 gm. straw. ...... 

78 

1,000 



450 

49 

5 cc. w. s. 1. + 4 gm. straw ^ 

150 

1,250 



420 

40 

10 cc. w. s. 1. 4- 4 gm. straw 

170 

320 


1 

655 ; 

83 . 

0.88 gm. Ga(N 03)2 + 4 gm. straw. 

125 

240 

750 

190 



0.88 gm. Ca(N 03)2 

75 

800 i 

440 

61 



10 CC. w. s. 1. + 0.88 gm. Ca(N 03 ) 2 . . . ... . . . . 

120 

115 ! 

800 

55 



10 cc. w. s. 1. + 0.88 gm. Ca(N 03)2 + 4 gm. 







straw. 

95 

155 

850 

155 




X 500. tX 50,000. 
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have been added. This is shown by the addition of straw and calcium nitrate, 
which increases the carbon dioxide evolved over that of wheat straw alone. 
Wheat straw, calcium nitrate, and w.s.L, added in combination to New^berg 
loam, produce the most carbon dioxide, especially in the earlier period of 
incubation. 



Fig. 2. Titration Curves of Newberg Loam 
A — 10 gm. soil titrated with w.s.L; B — 10 gm. soil titrated with 0.1 N' H 2 SO 4 ; C — 10 gm. 
soil titrated with 0.1 iV NaOH; D — 10 gm. soil and 10 cc. w.s.L titrated with 0.1 iV NaOH. 


TABLE 8 


E^ect of w. s. 1. on the pH of Newberg loam 


W. S. L. TREATMENT 
PER 400 GM. SOIL 

0 WEEKS 

2 WEEKS 

5 WEEKS 

10 WEEKS 

CC. 

0 

5.7 

5.8 ! 

5.8 

5.8 

2 

5.3 ! 

5,4 . ^ 

5.7 

00 

4 

5.1 i 

5.25 

5.5 

5.6 

8 i 

4.9 ! 

5.1 j 

5.25 

5.4 

16 

4.7 1 

4.9 

5.1 

: 5.3 


The effect of treating Newberg loam with wheat straw, calcium nitrate, and 
w.s.L on the numbers of molds, bacteria, and actinomyces is given in table 7. 
The original soil, having a moisture content of 20 per cent and a saturation 
capacity of 60 per cent, had 7,250,000 bacteria and actinomyces and 38,000 
molds. Ten days after treatment, the number of molds had increased in all 
but the 10-cc. w.s.L, calcium nitrate, and wheat straw treatments. After a 
longer period of incubation the number of molds had increased in all treat- 
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ments. In case of the w.s.L treatments, the number of molds at the end of the 
incubation period was large because molds are not inhibited by the acidity of 
the liquor. The increase in bacteria and actinomyces during the first 10 
days corresponds to the increase in carbon dioxide produced, except in the 
calcium nitrate treatment. At the end of the incubation period, the number 
of bacteria and actinomyces had fallen off to approximately half the original 
count in each case, showing a tendency of the soil to come to an equilibrium. 

Effect of w.s.L on soil reaction 

The w.s.L used in these experiments has a pH of 1.0. When soil is treated 
with a solution of such high acidity, the soil reaction is quickly changed. The 
titration curves are given in figure 2. Newberg loam titrated with 0.1 N 
sulfuric acid maintains a lower pH than when titrated with w.s.L When soil 
treated with 10 cc. w.s.L is titrated with 0.093 N sodium hydroxide, 2.5 cc. of 
sodium hydroxide must be added to reach pH 7, which corresponds to 0.0091 
gm. sodium hydroxide or 0.012 gm. calcium carbonate. 

Table 8 gives the effect of w.s.L on the pH of Newberg loam when incubated 
at room temperature. The pH of the soil drops with increased additions of 
w.s.L The return to the normal pH is rapid with the lighter applications. 
With the 8- and 16-cc. treatments the pH is almost back to normal after 10 
weeks. The increase in pH is probably due to the base-exchange reaction of 
the sulfurous acid with the colloidal matter of the soil, resulting in slightly 
soluble and slightly ionized acids. This effect is seen in table 6 when, because 
of base exchange, the amount of water-soluble calcium is increased by w.s.l. 
additions. 

SUMMARY 

Waste sulfite liquor in concentration below 80 tons per acre was not toxic to 
sunflowers grown in Newberg loam. It proved a satisfactory source of sulfur 
for sunflowers grown on sulfur-deficient soils, definite increases in yield being 
obtained. 

Waste sulfite liquor increased the concentration of potassium, calcium, and 
sulfate salts in the water extract of the soil and decreased the nitrate content. 

Waste sulfite liquor increased the rate of carbon dioxide evolution in the 
soil, indicating an increased organic decomposition, and increased the micro- 
bial population in the soil. 

Waste sulfite additions to Newberg loam soil lowered the pH of the soil 
suspension; on mcubation the pH gradually increased. 
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PLATE 1 

Fig. 1. Effect of W.S.L. on Growth of Sunflowers 

1 — Control; 2 — 2 cc. w.s.L; 3 — 4 cc. w.s.L; 4 — 8 cc. w.s.L; 5 — 16 cc. w.s.L; 6 — 22 cc. w.s.L; 
7 — 30 cc. w.s.L 

Fig. 2. Effect of W.S.L. as a Source of Sulfur for Sunflowers 
1 — control; 2 — nutrient, sulfur omitted; 3 — 2 cc. w.s.L and nutrient, sulfur omitted; 
4^ — 4 cc. w.s.L and nutrient, sulfur omitted; 5 — 8 cc. w.s.L and nutrient, sulfur omitted; 
6 — 16 cc. w.s.L and nutrient, sulfur omitted; 7 — complete nutrient. 

Fig. 3. Effect of W.S.L, on Seed Germination and Growth of Sunflowers 
1 — control; 2— -4 cc. w.s.L; 3— -8 cc. w.s.L; 4 — 16 cc. w.s.L; 5““32 cc. w.s.L All liquor 
applied at time of seeding. 
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Although the dry combustion method is regarded as standard procedure, 
many soil scientists are dissatisfied with it (6). Numerous attempts (1, 2, 
3, 7, 8, 9, 11, 12, 13, 14) have been made to find a suitable wet oxidation method 
for the measurement of the carbon content (organic matter) of the soil. Of the 
oxidizing agents available, dichromate and iodate are outstanding (5). Di- 
chromate has been used extensively for this determination. Most of the 
workers who have employed this reagent, however, failed to consider the fact 
that most organic compounds are not completely oxidized under the conditions 
reported and that considerable carbon monoxide and free oxygen are evolved 
during the reaction. It is surprising that iodate, which does not possess these 
limitations, has received little attention. 

After a survey of the present methods it is the opinion of the authors that 
the complicated apparatus (particularly for pretreating evolved gases and 
measuring carbon dioxide) and failure to attain complete combustion were 
among the greatest limitations to the present wet combustion methods. For 
this reason a simple apparatus [employing the Pettenkofer principle (10, p. 
221)] and procedure using either dichromate or iodate has been devised for the 
measurement of either the carbon content or both the reducibility and the 
carbon content of the soil. 

APPARATUS 

The apparatus is illustrated diagrammatically in figure 1. The reaction ves- 
sel A (total volume 20 ml.) was constructed from a No. 15 standard taper joint 
and a capillary stopcock. The slow combustion chamber B consists of a 
three-way stopcock, a slow combustion unit (as used in gas analysis), and a 
leveling bulb. Mercury is used as the confining fluid. The reaction flask C 
for the analysis of carbon dioxide was designed from a 250-mL Erlenmeyer 
flask, a No. 20 standard taper joint, and a capillary stopcock. 

A tubular rheostat (not shown) is connected to a 110- volt circuit. This, 

^ Published with the approval of the Monographs Publication Committee, Oregon State 
College. Research paper No. 35, School of Science, Department of Chemistry. 
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when used as a potential divider, provides a suitable source of current for heat- 
ing the platinum spiral of the slow combustion unit. 

BROCEDTJRE 

The reaction vessel A is charged with 250 mgm. of soil and 250 mgm, of 
dichroinate or iodate, and the system is flushed with COs-free air. Closing the 
capillary stopcock a and opening the three-way 5 permits the flow of emitted 
gases into the slow combustion chamber, which is maintained at a slight vacuum 
by means of the leveling bulb. The carbon dioxide flask is charged with 10 ml. 
of standard 0.25 N Ba(OH)2 (measured with an automatic pipette), partially 



Fig. 1. Apparatus pop Determining the Carbon Content op the Soil 


evacuated, and then connected to the other arm of the three-way stopcock. 
Three milliliters of concentrated (carbon-free) sulfuric acid is introduced into 
the reaction vessel by means of stopcock a. The charge is now ready for 

combustion. 

The stopcock a and the standard taper joint of the reaction vessel 4 are 
lubricated with sirupy phosphoric acid. By means of a phosphoric acid bath 
(4) the temperature of the reaction chamber is kept between 160 and 80°C. 
for 20 minutes. The gases which are generated during this time pass through 
the U-tube containing 1 nal. of 0.5i\f KI solution to the slow combus- 
pon chamber B, At the completion of the heating operation stopcock a 
is opened and 5 ml. of 6 TV HsS 04 plus sufficient water to fill all but a smsf] 
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part of the free air' space is introduced* An Ascarite tower is then connected 
to the apparatus through stopcock a, and sufficient carbon dioxide air is flushed 
through to sweep all the carbon dioxide into the slow combustion chamber. 
The coil is then brought to a fairly red heat for 2 minutes, and the gases are 
transferred to the reaction flask C. Reaction flask C is then directly connected 
through stopcocks a and to a source of C02-free air and brought to atmos- 
pheric pressure. It is then removed and allowed to stand for 20 minutes. 
Five milliliters of acetone is then introduced to improve the end point, and the 
excess barium hydroxide is titrated with 0.05 N HCl to the thymol blue end 
point. The amount CO 2 formed can be calculated from these data. 


TABLE 1 

Results of determination of carbon contents of pure compounds 


SUBSTANCE 


Succinic acid . 


Hydroquinone. 


Benzoic acid . 


Vanillin . 


Sucrose. 


WEIGHT OE 
SAMPLE 


mgm. 

16.34 

16.38 

18.44 

14.19 

11.76 

10.04 

12.94 

16.47 

12.13 

15.69 

13.09 


CARBON CONTENT 


Measured 


per cent 

40.66 
40.71 

40.67 

65.34 

65.46 

68.84 

69.05 

63.22 

63.18 

41.94 

42.08 


Calculated 


per cent 

40.68 


65.44 


68.44 


63.15 


42.11 


To prevent the diffusion of air into the flask during the titration, a rubber 
sheet (such as that used for a dental dam) was loosely fitted over the mouth of 
the flask. The top of the burette was inserted through a small hole in the 
rubber. This arrangement kept out all the air without complicating the 
procedure. 

When using iodate as the oxidant, charges of the same size are employed. 
The time of heating is increased to 30 minutes, and the temperature is kept 
between 185 and 195°C. The use of the coil in this case is unnecessary, and 
only 5 ml. of 6 A H 2 SO 4 is introduced at the end of the heating period. 

To determine the oxygen consumption, the reaction vessel ^ is removed, 
and the mixture is transferred to a 1-liter Erlenmeyer flask, then diluted to 
approximately 100 ml. and steamed until disappearance of the iodine color. 
Sufficient Na2COs to neutralize about all but 1 ml. of the concentrated H2SO4 


TABLE 2 


Carbon content of soils 


SAMPLE NUMSER 

TYPE* 

C MEASURED 

C CALCULATED 
EEOM KlOa USED 

ORGANIC MATTER 
FROM CO 2 

ORGANIC MATTER 
O.S.C. EXP. STA, 

19064 

Umatilla 

SCL 

per cent 

2.95 

per cent 

2.98 

per cent 

5.09 

per cent 

5.17 

1906S 

SCL 

1.24 

1.25 

2.14 

2.33 

19066 

SCL 

0,55 

0.63 

0.96 

0,99 

19076 

Rupert 

Crs.S 

1.66 

1.78 

2.87 

3.26 

19077 

Crs.S 

0.80 

0.84 

1.38 

1.65 

19078 

Crs.S 

0.56 

0.58 

0.95 

1.09 

19116 

Palouse 

Si.L 

2.26 

2.33 

3.90 

4.00 

19117 

Si.L 

2.44 

2.50 

4.04 

4.42 

19118 

Si.L 

2.35 

2.62 

4.05 

4.09 

19162 

Umatilla 

Onyx L 

1.08 

1.37 

1.86 

2.07 

19163 

Onyx L 

0.56 

0.89 

0.97 

1.21 

19903 

Josephine 

GL 

1.16 

1.22 

2.05 

1.92 

19904 

GL 

0.54 

0.57 

0.93 

i 0.74 

19905 

GL 

0.34 

0.42 

0.59 

0.41 

19906 

Josephine 

FSL 

0.91 

0.94 

1.57 

1.38 

19907 

FSL 

0.63 

0.62 

1.09 

0.81 

19908 

FSL 

0.28 

0.29 

0.49 

0.41 

19909 

Salem 

SL 

1.21 

1.19 

2.08 

1.95 

19910 

SL 

0.60 

0.58 

1.04 

0.91 

19911 

SL 

0.34 

0.34 

0.58 

0.62 

19912 

Josephine 

GL 

2.16 

2.25 

3.73 

3.52 

19913 

GL 

0.25 

0.31 

0.44 

0.45 

19061 

Umatilla 

L 

1.97 

2.21 

3.40 

3.34 

19067 

Pilot Rock 

Si.L 

0.99 

1.32 

1.70 

' ,1.82 

19070 

Walla Waila 

Si.L 

1.00 

1.34 

1.73 

1.85 ■ 


* S — sandy or sand; C — clay; L ~ loam; Crs. = coarse; F *= fine; Si. === silty; G = 
gravelly. 
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is added. The solution is then titrated with 0.1 N Na 2 S 203 . This measured 
the excess iodate. 

The amount of iodate used was found to be consistently greater than the 
theoretical, because of traces of organic matter in the H2SO4 and thermal 
decomposition. This necessitated the use of a blank, which amounted to 0.90 
mgm. 

For reasons cited, the authors recommend the use of iodate in preference to 
dichromate for this measurement. 

RESULTS AND DISCUSSION 

In order to check the precision of this method the carbon contents of a 
number of pure organic compounds were determined. The results of these 
experiments are shown in table 1. 

It is apparent from the results of table 1 that this procedure is capable of a 
high degree of precision. 

After the procedure was checked against pure compounds, the carbon 
content and oxygen consumed values of a number of soil samples were deter- 
mined. The results of iodate experiments are shown in table 2. 

The percentage of carbon calculated from KIO 3 consumed was based on the 
assumption that the soil organic matter was carbohydrate in nature (15). The 
principal sources of error which interfere with the measurement of reducible 
organic matter are the presence of unoxidized inorganic constituents and 
halides in the soil. 

Although the determination of evolved CO 2 is much more accurate than 
oxygen consumed data, the use of both sets of data shows promise as an index 
of the state of oxidation of soil organic matter. Abnormal values (either high 
or low) at least indicate the presence of large amounts of reduced inorganic 
components or carbonates in the soil. 

The apparatus described can be used for a number of measurements using 
either dichromate or iodate as the oxidizing agency. 

As a means of measuring the carbon content of the soil this procedure re- 
quires the minimum of time and operative skill. Furthermore, it eliminates 
the errors due to formation of carbon monoxide or presence of halides. 
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A RAPID METHOD OF CHECKING THE ACCURACY OF REPORTED 

WATER ANALYSES^ 


V. P. SOKOLOFF2 

UniversUy of California Citrus Experiment Station 
Received for publication September 6, 1939 

It is well known that the specific electrical conductance of natural waters is 
a rough measure of the total concentration of electrolytes present in solution. 
These electrolytes are, in the majority of cases, varying mixtures of chlorides, 
sulfates, bicarbonates, carbonates, and in some instances nitrates, and of 
sodium, magnesium, and calcium. Other electrolytes are present in amounts 
too small, as a rule, to be important quantitatively. 


TABLE 1 

Mean ratios of total cations to specific electrical conductance in waters of varying sodium 

and chloride percentages 


PER CENT 
SODIUM IN 


X 105 AT 25X., 25 TO ISO * X 105 at 25‘’C„ ISO to 250 X 10® at 25“C., 250 TO 350* 


Per cent Chloride in Total Anions 


TOTAL 

CATIONS 

Below 

20 

20-40 

40-60 

60-80 

Over 

SO 

Below 

20 

20-40 

40-60 

60-80 

Over 

80 

Below 

20 

20-40 

40-60 

60-80 

Over 

80 


Ratios of Total Cations to Conductance 

Below 20 

0.115 

0.111 

0.106 

0.102 

0.098 

0.119 

0.114 

0.109 

0.104 

0.100 

0.122 

0.116 

0.111 

0.106 

0.102 

20-40 

0.110 

0.106 

0.102 

0.098 

0.094 

0.114 

0.109 

0.104 

0.100 

0.096 

0.116 

0.111 

0.106 

0.102 

0.098 

40-60 

0.105 

0.102 

0.098 

0.094 

0.091 

0.109 

0.104 

0.100 

0.096 

0.093 

o.ni 

0.106 

0,102 

0.098 

0.094 

60- S 0 

0.101 

0.098 

0.094 

0.091 

0.088 

0.104 

0.100 

0.096 

0.093 

0.089 

0.106 

0.102 0.098 

0.094 

0.091 

Over 80 

0.097 

0.094 

0.091 

0.088 

0.085 

0.100 

0.096 

0.093 

0.089 

0.086 

0.102 

0.09 s | o .094 

0.091 

0.088 


* For every successive increase of 100 in ^ X 10® at 25®C. over 350, add 0.0025 to the factor. 

In a study of several thousand irrigation and drainage water analyses, it 
has been found that the ratio of the sum of the cations or anions (milliequiva- 
lents per liter) to the specific electrical conductance at 25®C. (reciprocal ohms 
X 10'^) falls ordinarily betvfeen the values of 0.085 and 0.122. Further ob- 
servations have indicated that the variations between these limits are affected 
primarily by (a) the ratio of sodium to total cations, {h) the ratio of chloride to 
total anions, and {c) the total concentration of electrolytes. 

These observations suggest a means of checking the accuracy of complete 
analyses, and of caiculating the sum of calcium plus magnesium on the basis 
of three determinations; namely, {a) conductance, {b) sodium, and (c) chloride. 

^ Paper No, 403, University of California Citrus Experiment Station, Riverside, California. 

2 Junior cliemist in the experiment station. 
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The method here outlined is in no sense offered as a substitute for complete 
analysis, but primarily as a means of detecting errors. In cases where it is 
desired to secure a rough estimate of the probable amounts of calcium plus 
magnesium, the method is applicable, provided it is known that cations other 
than calcium, magnesium, or sodium are not present in appreciable quantities. 

A series of factors relating conductance to total electrolytes in waters of 
varying chloride and sodium percentages are shown in table 1. These repre- 
sent averages derived from a large number of accurate water analyses. In 
table 2 are shown calculated versus determined values of the total cations and 
of calcium plus magnesium for a number of water samples of widely varying 
composition. 

The method of computing the total concentration of electrolytes and of 
calcium plus magnesium on the basis of determinations of conductance, so- 
dium, and chloride can be illustrated by the following examples: 

1. Water sample S-179, San Gabriel River (table 2). Determined values: 

k X 105 at 25T. == 65.4 ohms-i 
Sodium = 1.00 m.e. per liter 
Chloride = 0.38 m.e. per liter 

The total cation or anion content of this water will lie between values of 
5.56 and 7.98 m.e. per liter: that is, 

65.4 X 0.085 = 5.56 

65.4 X 0.122 = 7.98 

Hence, sodium constitutes between 12 and 17 per cent of total cations; and 
chloride, between 5 and 7 per cent of total anions. Since both sodium and 
chloride constitute less than 20 per cent of total cations and anions, respec- 
tively, the appropriate factor is 0.115 (table 1). 

Total cations: 

65.4 X 0.115 = 7.52 m.e. per liter 

Calcium plus magnesium: 

7.52 — 1.00 = 6.52 m.e. per liter 

2. Water sample J-1 7, Ground water, Silaxo, San Joaquin Valley (table 2). 

Determined values: 

kX 105at25°C. = 926 ohms-i 
Sodium = 52.7 m.e. per liter 
Chloride = 62.5 m.e. per liter 

The total cation or anion content of this water will lie between values of 
126 and 92 m.e, per liter: that is, 

926 X (o.l22 + X 0.0025]^ = 126 

926 X ^0.085 + X 0.0025]) = 92 


TABLE 2 


Comparison between calculated and determined concentrations of total cations and of calcium plus 

magnesium 


SAMPLE 

SOURCE 

DETERmsraiD VALUES 

TOTAL CATIONS 

CALCIUM PLUS 
MAGNESIUM 


h X 105 
at 25°C. 

Sodium 

Chlo- 

ride 

Deter- 

mined 

Calcu- 

lated 

Deter- 

mined 

Calcu- 

lated 

8028 

Sacramento River 

ohms~^ 

19.4 

m.e.Jl. 

0.52 

m.ejl. 

0.29 

m .e. //. 

2.13 

m.ejl. 

2.12 

m.e./l. 

1.60 

m.ejl. 

1.61 

11833 

Gridley Well, Coachella 

23.0 

2.01 

0.30 

2.39 

2.23 

0.38 

0.22 

H-80 

Rowell Well, Thermal 

26.3 

1.44 

0.35 

2.74 

2.76 

1.30 

1.32 

, S-144 

Union Well, Fontana 

30.5 

0.41 

0.20 

3.22 

3.51 

2.81 

3.10 

H-60 

Agua Caliente Hot Spring 

35.6 

3.04 

1.00 

3.22 

3.35 

0.18 

0.31 

S-188842* 

Warm Spring, San Bernar- 

36.0 

2.22 

0.45 

3.68 

3.71 

1.46 

1.49 

S-3 

diiio 

Whittier Narrows 

43.5 

0.92 

0.30 

4.55 

4.59 

3.63 

3.67 

S-5908^' 

Los Angeles Aqueduct 

45.0 

2.35 

0.70 

4.59 

4.72 

2.24 

2.37 

S-148 

Osbum Well, San Bernar- 

55.6 

3.31 

0.66 

5.60 

5.72 

2.29 

2.41 

S-4801A^- 

dino 

Sulphur Spring, San Fer- 

68.6 

2.30 

0.90 

7.42 

7.55 

5.12 

5.25 

S-179 

nando 

San Gabriel River 

65.4 

1.00 

0.38 

7.48 

7.52 

6.48 

6.52 

E-103-C'' 

Medical Evangelists Well, 

69.6 

3.61 

1.22 

7.49 

7.34 

3.88 

3.73 

S-61 

Loma Linda 

Sasoku Well, Newport 

76.4 

7.06 

2.82 

7.52 

7.19 

0.46 

0.13 

D-7i52* 

Beach 

Bird Well, Chino 

94.1 

1.04 

4.51 

9.78 

9.97 

8.74 

8.93 

S-79 

El Segundo City Well 

105. 

3.36 

5.34 

11.9 

10.7 

8.54 

7.34 

S-105 

Victoria Well, Puente 

108. 

3.18 

1.64 

11.7 

11.9 

8.52 

8.72 

S493 

San Jose Creek 

132. 

3.75 

1.51 

14.8 

14.5 

11.1 

10.8 

S-238 

Los Angeles River 

135. 

5.65 

1.50: 

15.1 

14.9 

9.42 

9.25 

J-3 

Ground Water, Los Banos 

147. 

11.7 

3.30 

14.7 

14.4 

2.97 

2.71 

J-8 

Ground Water, Los Banos 

154. 

14.2 

1.39 

14.5 

14.9 

0.28 

0.70 

J-22 

Ground Water, Romero, 

159. 

6.25 

5.95 

16.9 

16.3 

10.7 

10.1 

H-SS 

San Joaquin Valley 

Wise Flowing Well, Mecca 

171. 

10.6 

0.63 

17.3 

17.4 

6.70 

6.80 


Investment Co. Well, Los 

1 190. 

3.57 

10.0 

20.1 

20.1 

16.5 

16.5 

11824 

Angeles 

Hittson Cold Spring, Coa- 

205. 

16.5 

4.31 

20.6 

20.5 

4.08 

4.00 

C-853-W 

' chella Valley 

School Well, near Santa Fe 

209. 

4.26 

13.0 

21.4 

21.3 

12.1 

12.0 

12069 

Springs 

Dos Palmos Well near Sal- 

340. 

24.6 

24.3 

31.7 

32.0 

7.10 

7.40 

S-121S6A* 

ton Sea 

Spring, South of Riverside 

403. 

21.0 

25.8 

41.3 

40.7 

20.3 

19.7 

B-6-K* 

Beverly Hills Well 

472. 

14.1 

38.4 

49.5 

49.5 

35.4 

35.4 

S487 

Edwards Drain, Hunting- 

504. 

26.9 

40.6 

47.1 

47.4 

20.2 

20.5 

J47 

ton Beach 

Ground Water, Silaso, San 

926. 

52.7 

62.5 

107. 

108. 

54.3 

55.3 


Joaquin Valley 

Ground Water, Silaxo, San 

1180. 

101. 

30.2 

155. 

150. 

54.0 

49.0 

'' '841 

Joaquin Valley 

Irvine Drain, Santa Ana 

2120. 

185. 

58.0 

277. 

307, 

92.0 

122. 


* Analyses taken from Bulletin 40A, California Division of Water Resources, Sacramento, 
1936. , ^ 
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(See table 1 footiiote.) Hence, sodium constitutes between 42 and 57 per cent 
of total cations; and chloride, between 50 and 68 per cent of total anions. The 
factor to be employed is, accordingly, either 0.1164 or 0.1124 (table 1): that is, 

0.102 + X 0.0025^ = 0.1164 

0.098 + X 0.0025^ = 0.1124 

By a second and closer approximation, the total cation or anion content of 
this water is between 108 and 104 m.e. per liter: that is, 

926 X 0.1164 = 108 

926 X 0.1124 = 104 

By this approximation, therefore, sodium constitutes between 49 and 51 
per cent of total cations; and chloride, between 58 and 60 per cent of total 
anions. Hence, the appropriate factor is 0.1164 rather than 0.1124. 

Total cations: 

926 X 0.1164 = 108 m.e. per liter 

Calcium plus magnesium: 

108 — 52.7 = 55.3 m.e. per liter 

Major compensating errors in the determinations of the cations and anions 
are especially difficult to discover, for the sum of the determined cations and 
the sum of the determined anions do not differ greatly one from the other, and 
the analysis may seem correct when it is not. The ratio of cations to con- 
ductance, in this case, is one way of detecting an error. If this ratio does not 
correspond to the determined values of a given water sample and if the value 
of conductance is confirmed by duplicate determinations, the entire analysis 
may be questioned. Too high a ratio indicates major compensating errors, 
whereas too low a ratio means either major compensating errors or the presence 
of undetermined constituents, or both. In the experience of the writer, 
compensating errors of the type described are not infrequent. 

SUMMARY 

In the analyses of several thousand water samples the author has worked out 
a series of factors relating conductance to total concentration of dissolved 
electrolytes. The values of these factors fluctuate chiefly with changes in 
total electrolyte content and with the percentages of sodium and of chloride 
as of total cations and anions respectively. Having determined the con- 
ductance of a water and its sodium and chloride content, one can, by means 
of the factors presented, calculate with considerable accuracy the total elec- 
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trolyte content of a water and the sum of calcium plus magnesium expressed 
as niilliequivalents. The method here described is in no sense offered as a 
substitute for complete analysis but rather as a means of detecting errors 
made either in the course of such analyses or in calculating and recording the 
results. In those cases where a rough estimate of calcium plus magnesium is 
ail that is needed, the method is satisfactory, provided important amounts of 
bases other than calcium, magnesium, and sodium are absent. 



' A SOIL ZINC SURVEY IN CALIFORNIA^ 

P. L. HIBBARD 
Unwersity of California^ Berkeley 
Received for publication September 5, 1939 

During recent years it has become generally recognized that an adequate 
supply of the so-called minor elements in soils, one of which is zinc, is neces- 
sary for successful growth of many crops. For several years the writer took 
part in an investigation of the zinc content of plants particularly in relation to 
certain plant diseases, such as peach little leaf, pecan rosette, and citrus mottle 
leaf. This work indicated the desirability of a study of the zinc-supplying 
power of soils, a study still in progress. During the first two years, a satis- 
factory procedure for estimating zinc and some other associated metals was 
developed (4), and numerous samples of soils and associated rocks were col- 
lected from many localities. This paper constitutes a report of the results of 
examination of these samples. 

COLLECTION OF SAMPLES 

A majority of the samples were taken from places within a few miles of 
San Francisco Bay: from Berkeley Hills, from the gently sloping ground near 
the Bay in West Berkeley, from Marin County near Mt. Tamalpais, and from 
San Bruno Hills south of San Francisco. One group of samples was taken in 
the delta region of San Joaquin County and in adjoining Contra Costa County. 
Another group was collected along the highway from Berkeley to Placerville, 
in Contra Costa, Sacramento, El Dorado, and San Joaquin Counties. 

In the collection, preparation, and analysis of the samples, contamination 
with any source of zinc such as brass or zinc-coated sieves or other apparatus 
was carefully avoided. In general, it was planned to take samples only from 
places not likely to have been contaminated by human activities, usually from 
ground apparently never cultivated, but this plan was not always followed. 
The purpose has been to get samples from as many different localities as could 
be visited. Consequently, this may be considered as a reconnaissance survey 
of some localities which gives some knowledge of the occurrence and amount 
of zinc in different places and which may serve as a guide for further work. 

Though most of the samples are not composites of more than one hole, they 
are believed fairly to represent the places from which they were taken, except 
in the case of pieces of rock picked up at random, perhaps far from their orig- 
inal sources. 

^ Assistance in the preparation of these materials was furnished by the personnel of Works 
Progress Admnistration Official Project ^465“03-3-587, 
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PREPARATION AND ANALYSIS OF SAMPLES 

The samples were brought to the laboratory in paper sacks, air dried, pul- 
verized in a steel mortar, and passed through a 40-mesh stainless steel sieve. 
In addition, most of the rock samples were passed through a silk bolting cloth 
of about 100 mesh. 

Methods of analysis 

Zinc, with small amounts of some other minor metals, was extracted from 
the soils or rocks by action of the standard solvent and equilibrium procedure 
already described (4). Five grams of the powdered material is placed in a 
500-cc. cylindrical glass-stoppered pyrex bottle with 400 cc. of the solvent, 
which is 0.05 N KCl plus enough acetic acid, about 4 cc. glacial per liter, to 
make the pH 3.2. The stoppered bottle is laid on its side on the “roller^^ 
(1) and slowly rotated 4 or 5 hours, then stood on the table overnight to per- 
mit sedimentation. Next morning aU but 3 to 5 cc. of the clear solution is 
siphoned off, another 400 cc. of solvent is added, and the mixture is rolled, 
settled, and siphoned off as before. The two extracts may be analyzed sepa- 
rately, to give some notion of the ease of extraction, or combined then analyzed 
as a whole to show the total extracted. The solvent and the procedure for 
extraction were chosen after many months had been spent in making hundreds 
of experiments to discover the most effective and simple means of extracting 
the zinc. The solvent used was chosen because it extracts zinc fairly well, 
dissolves very little iron, and attacks silicates very little. The acidity is 
made pH 3.2 because that is nearly the highest acidity likely to be found in 
soils. It was desired to use a solvent which would have solvent power com- 
parable to the soil solution of an acid fertile soil. The KCl has little solvent 
effect and is useful chiefly as a flocculating agent to cause rapid sedimentation 
of insoluble matter from the equilibrium extracts. Work previously reported 
(4) has shown that only acid solvents dissolve much zinc from ordinary soils, 
and that the greater the concentration of hydrogen ion, the more zinc is ex- 
tracted. Water or weakly alkaline solvents remove very little zinc from most 
soils. 

Chemical analysis of the soil extracts 

The dithizone method was used for extracting zinc and some other metals 
(4) from the aqueous saline' soil extract. Suitable modifications of the dithi- 
zone method permit a fairly satisfactory separation of the extracted metals as 
described elsewhere (3). Since that paper was written some slight changes 
have been made in the procedure, which briefly described, is as follows: 

First, copper is removed from the acid soil extract by repeated extraction 
with dithizone in chloroform. After removal of the copper, citrate is added to 
prevent precipitation of iron, manganese, nickel, and cobalt, then ammonia 
is added to make the pH 8 to 9, and all the other metals removable by dithizone 
are extracted together. The chloroform solution of the dithizonates is shaken 
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with 0.65 N HCl, which removes zinc, lead, and cadmium, if present. So far 
as is known, the amount of cadmium in ordinary soils is too small for detection 
by this procedure. The zinc and lead in the acid extract are estimated to- 

TABLE 1 


Lowest and highest quantities of available zinc found in groups of soils from widely 
separated localities 


GSOITP 

SAMPLE NIJMBEES 

DEPTH 

ZINC 

: Lowest 

Highest 

1. Siity day loams from hills about Berkeley, show- 
ing variation within an area 1 mile in diameter 
and differences between topsoil and subsoil 

1-16 

inches 

1-6 

6-20 

p.p.m. 

1.9 

1.1 

p.p.m. 

4.4 

2.3 

2. Similar to, and from same range of hills 3 to 4 
miles south of group 1 

' 49-54 

52 

117 

1-6 

1-6 

0-2 

2.2 ^ 

5.8 

22.2 

94.0 

3. Silty clay loams from somewhat level northwest 
part of the City of Berkeley near the Bay of 
San Francisco 

40-48 

! (7 samples) 

38, 39, 43 

1-20 

1—6 

2.3 

12.0 

7.0 

13.3 

4. From Moraga Ridge 3 miles east of group 2 

119-120 
(shaly loams) 
118-122 
(high organic 
forest mull) 

1-6 

0-2 

2.2 

20.0 

5.1 

32.7 

S. Leaves and silt loams from Mt. Tamalpais region 
of Marin County just north of the Golden 
Gate 

55-59 (south 
side of moun- 
tain) 

106-109 (north 
' side of moun- 
tain) 

0-6 

0-6 

1.1 

1.6 

7.2 

5.2 

6, From San Bruno Hills, just south of San Fran- 
cisco 

32-35 (loams) 
133 (dune sand) 

0-6 

0-6 

1.2 

2.7 

4.0 

7. From east side of lower San Joaquin Valley, nearly 
level 

78-79 (loams) 
91-94 (clay 
loams near 
river) 

0-6 

0-6 

0.3 

1.6 

2.0 

5.6 

8. Loams and clays from Sierra Nevada foothills, El 
Dorado County 

80-90 

0-6 

0.3 i 

2.6 

9, Cashion Creek area of Contra Costa County, 10 
miles east of Berkeley 

17-20 (loams) 
98-105 (day 
loams) 

0-6 

0-10 

1.3 
2.5 ' 

7.1 

5.6 
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gether as zinc by the bromine titration method (3). Lead is estimated in a 
separate portion of the soil extract by addition of potassium cyanide, which 
suppresses action of dithizone on all the usual soil metals except lead. The 

TABLE 2 


Semples high in organic matter 


SAM- 

PLE 

DEPTH 

SAMPLING PLACE 

Zn 

Pb 

Cu 

Go 

Ni 

X 

117 

inches 

0-2 

Under old redwood tree 

p.p.m. 

94.0 

p.p.m. 

4.0 

p.p.m. 

5.1 

p.p.m. 

1.0 

p.p.m. 

+ 

p.p.m. 

52 

6 

Same locality as 117 

22.2 

1.5 

■f 

0.4 

3.2 


118 

0-lJ 

Under old pine 

27.3 

20.0 

3.2 

+ 

+ 

9.1 

119 

6 

Same hole as 118 

5.1 

1.0 

+ 


+ 

6.6 

121 

0-1 

Under redwood tree 

32.7 

1.5 

+ 

+ 

+ 

12.3 

122 

10 

Same hole as 121 

10.6 

2.0 




7.1 

126 

0-1 

Under heavy old grass 

8.7 

1.5 

2.4 



5.3 

127 

8 

Same hole as 126 

4.0 

1.0 

+ 



,4.2 

129 

0-1 

Under heavy old grass 

12.9 

1.0 




9.3 

130 

8-10 

Same hole as 129 

7.9 

1.0 




3.9 

105 

1-2 

Under old oak tree 

22.0 

0.5 




10.5 

103 

10 

Same hole as 105 

5.1 

0.5 




4.2 

131 

0-1 

Scanty grass, many small rocks 

5.4 

0.5 




3.1 

132 

8-10 

Same locality as 131 

3.1 

0.5 




2.8 


TABLE 3 

Soil and rock from same location* 

SAMPLE 

TYPE 

ZINC 



p.p.m. 

f34 

Silt loam 

2.7 

\34R 

Sandstone 

2.4 

/50 

Loam 

5.8 

ts4 

Serpentine rock 

13.4 

/60 

Loam 

2.1 

161 

Decayed rock 

1.0 

{19 

Loam 

2.0 

\80 

Gravel 

1.4 

fSd 

Holland loam 

1.1 

\87 

Granite 

■, 2.0 ; 


* Four similar pairs not shown. 


amount of lead found, usually small, is subtracted from the sum of the lead 
and zinc, thus giving the amount of zinc. In many soils the lead is so little 
that it may be neglected without making much difference in the figure for zinc. 
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In case it is not important to estimate the amounts of the other metals, all 
may be extracted together from: the aqueous solution at pH 8 to 9 by dithizone 
in chloroform. From this solution zinc is removed, as described, by 0.05 iY 
HCl and again separated by dithizone after the solution has been made alkaline. 

After removal of the zinc and lead the chloroform contains the dithizonates 
of cobalt and nickel. The solution is divided into two parts, which are evapo- 
rated, the residue is ignited then dissolved in hydrochloric acid, and the metals 
are estimated by color tests. No satisfactory method of separating nickel and 

TABLE 4 


Rockj not related to soil samples 


SAMPLE 

DESCRIPTION 

Zn 

Pb 

Cu 

Co 

Ni 

X 



p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

69 

Paving rock, U. C. Campus 

2.6 

1.5 





74 

Parent rock, Paradise Valley 

2.7 

3.2 




7.0 

81 

Andesite, near Whitehall 

5.0 

1.0 

46.0 

1.0 

2.4 


97 

Andesite, 12 miles east of Lodi 

3.2 

1 0.5 




5.4 

... / 

Yellow shalel , 

3.2 

2.0 


1.2 

8.4 


114 < 

Brown shalel l^'Xers in same piece 

5.9 

2.5 


0.8 

10.8 


115 

Brown shale, near 114 

16.8 

3.0 

10.1 

0.6 

4.8 



TABLE 5 

Samples containing considerable amounts of other metals besides zinc 


SAMPLE 

DESCRIPTION 

Za 

Pb 

Cu 

Co 

Ni 


Brown loam. West Berkeley 

p.p m. 

12.4 

p.p.m. 

46.0 

p.p.m. 

‘ 9.6 

p.p.m. 

2.4 1 

p.p.m. 

9.6 

43*^' 

Brown loam, West Berkeley 

13.3 

5.0 

2.2 

4.0 

++ 

46 

Brown loam, West Berkeley 

4.6 

1.0 

3.4 

1.4 

25.0 

54 

Serpentine rock 

13.4 

1.0 

3.4 

4.0 

+++ 

55 

Red loam, Mt. Tamalpais 

5.4 ; 

2,0 

2.8 

++ 

1.6 

56 

Red loam, Mt. Tamalpais 

1.1 

9.5 

-h 

4" 

> 

115 

Brown shale, Berkeley Hills 

16.8 

3,0 

10.1 

0.6 

48.0 

124 

Serpentine rock, Mt. Tamalpais 

2.3 

1.0 

1.1 : 

5.0 1 

32.0 

125 

Brown loam at side of 124 

3.2 

2.0 

i 

0.6 

3.2 

64.0 


* Perhaps contaminated from nearby habitations. 


cobalt by means of dithizone has been found. The color tests are simple and 
not seriously interfered with by larger amounts of the other metals present. 

Nickel is estimated by the Roliet test (6) , which produces a brownish yellow 
color by the action of dimethyl glyoxime on the solution of nickel, which has 
been oxidized to nickelic by action of bromine. 

The cobalt is estimated by means of the Van Klooster nitroso R salt test 
(7) as modified by Kidsom, et al (5), but using, instead of a Lovibond tint- 
ometer, direct ocular comparison with known amounts of cobalt similarly 
treated, to measure the amount in the unknown. 
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. The total amoiint of copper, cobalt, and nickel, after removal of ziiic, may 
be estimated by titration of the chloroform solution of the dithizonates with 
bromine by the same method as that used for zinc. The amount of cobalt in 
this titrated solution is indicated by the depth of brown color produced by the 
bromine, since bromine titrated solutions of all the other metals are nearly 
colorless. Because the amoimt of bromine required to oxidize the dithizonates 
of zinc, copper, nickel, and cobalt is about the same for the same amount of 
each of these metals, this titration gives an estimate of the total as equivalent 

TABLE 6 

Regional groups of agricultural soils 


SAMPLE 

■ , 

DESCRIPTION 

DEPTH 

ZINC 

inches 

p.p.m. 

Coastal hills 

30 

Manzanita red loam, near Cowell 

24 

3.2 

31 

Zamorra day, north east of Walnut Creek 

12 

2.3 

34 

Brown loam on Colma hills 

6 

2.7 

65 

Brown loam at Eentfield 

8 

2.6 

73 

Brown loam, Elk Valley, South Marin County 

12 

1.8' 

Sierra Nevada Mountain foothills 

82 

Auburn red day, west of Placerville 

8 

2.6 

85 

Aiken red day, north east of Placerville 

12 

0.8 

90 

Rocklin brown clay loam, 10 miles east of Lodi 

15 

O.S 

Lower San Joaquin Valley farming country 

78 

Sacramento clay, 2 miles west of Sacramento 

12 

3.5 

91 

Hanford loam with sand, 3 miles east of Lodi 

8 

2.7 

92 

Greenfield brora loam, 1 mile south of Lodi 

8 

5.6 

93 

Stockton black adobe, 2 miles east of Stockton 

1 ■ 24" 

2.6 

94 

Brentwood brown silt loam, 2 miles east of Mt. Diablo 

r 8' 

1.6 

Peat from Lower San Joaquin Valley 

25 

Peat, Victoria Island, San Joaquin delta 

12 

4.0 

26 

Peat, Bacon Island, San Joaquin delta 

12 

■6.2 ■. 

96 

Peat near Middle River, Borden Highway 

8 

5.4 


to zinc after the zinc has been separated and estimated alone. This amount is 
given in the tables of analysis under X. The primary purpose of this study 
was to estimate available zinc in soils, therefore a reliable determination of the 
amounts of the other minor metals has not been made on most of the samples. 

RESULTS : 

Representative analytical results are presented in tables 1 to 6, arranged to 
give a comprehensive notion of the samples as a whole, but not of nearly all 
the 140 samples analyzed. Figures given represent parts per million in the 
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air-dry material, moisture being probably less than 5 per cent in most samples. 
Presence of a metal not quantitatively determined is indicated in the tables by 
plus signs (+). Lack of information is indicated by leaders 

Table 1 is a summary of the complete analyses. Although more detailed 
descriptions with analyses of all the samples are available, this table is intended 
to convey some notion of the localities from which samples were obtained and 
of the high and low extremes of zinc found in them. 

Table 2 shows the effect of long-persistent vegetation on the zinc content of 
the humus layer and of the topsoil. All these samples show accumuiation of 
zinc as well as other metals in the largely organic surface soil. In samples 
121 and 122, over which was a layer of several inches of decayed leaves, it 
appears that the zinc accumulated in the surface soil has been leached down to 
10 or more inches. The inorganic soil in that locality may have as much as 
5 p.p.m. of available zinc. Samples 129 and 131 were taken about 300 feet 
apart from the same soil type. The effect of vegetation in accumulating zinc 
is very pronounced in 129, though but little in 131. 

Table 3 shows the relation between parent rock and resultant soil in contact 
with the rocks. In pairs 50 and 54 and 86 and 87, the soil was in contact with 
massive rock exposed above the soil. But with the other pairs of rock and 
soil, the soil was collected from among much broken rock mixed with the soil 
over areas of several acres. 

Table 4 shows the great differences between different rocks in respect to 
their content of some minor metals. 

Table 5 permits comparison of the zinc content of soils with their content 
of other minor metals. 

Table 6 presents some results on the zinc content of a few agricultural soils. 

DISCUSSION 

Exercise of the ordinary care expected in average analytical work is sufficient 
to reproduce results within 1 p.p.m. for Zn, Cu, and Pb. For Co and Ni less 
accurate results may be obtained. Since the accurate determination of these 
metals was not considered important for this investigation, no great effort was 
made for higher precision. Many duplicate determinations of zinc agree 
within less than 1 p.p.m., though on samples high in zinc greater differences 
are found. For practical purposes the accuracy is ample. 

In considering the significance of this work, it should be remembered that 
the purpose has been to estimate, not the total quantities of these elements in 
the soil, but only the amounts which might be expected to become available 
to plants through the medium of a soil solution. The total of these metals 
present in soil is usually much higher than the so-called available. 

Reckoned as percentage of the whole soil, the amount of zinc as well as of 
the other minor metals is very small, but greatly varied. In soils that may be 
considered tillable the variations are very much less than in soils of rough virgin 
land. The higher amounts are found in rock samples or in soils containing 
much organic matter which has accumulated on the surface as fallen leaves and 
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Other vegetable debris where the ground has been long undisturbed (see table 
2). It is assumed that the concentration of zinc, and in some instances of 
other metals, in the humus layer on top of some soils is caused by action of the 
plants which absorb it from the soil then let it fall back to the surface as dead 
leaves. When this vegetable matter decays, the zinc is quickly fixed in water- 
insoluble state by the surface soil so that it is no longer accessible to the main 
root systems of the plants unless the humus layer is mixed with the soil by 
tillage or other disturbance.^ 

Less zinc is usually found in the subsoil than in the surface, as is shown by 
samples 1-16 (table 1) and others. 

Because of the effect of vegetation in accumulating organic mattter contain- 
ing zinc on the surface of the soil, great variations in zinc content in respect to 
depth of sample are common. This is apparently the reason for lower zinc 
content of the subsoil where samples were taken from topsoil and subsoil in 
the same place. Large variations in zinc in samples taken from essentially 
the same spot at different times are probably also due to the large variation in 
amount of decayed vegetable matter. This emphasizes the importance of 
recording, at the time of sampling, the exact depth from which the sample 
is taken, with an estimate of the amount of organic matter collected on the soil. 
Also it indicates that a representative sample of any locality should be com- 
posed of a thorough mixture of numerous subsamples from spots judicially 
selected to represent the whole area sampled. 

Large variations in the amount of lead, copper, cobalt, and nickel in rela- 
tion to zinc are found in some samples, as set out in table 5. Some of these, as 
the nickel and lead in 38, may be due to accidental contamination of the soil 
by human agency, but in most cases it seems more likely that such variations 
are due to a different kind of rock from which the soil developed. In the 
figures indicating composition of some rock samples which differ widely from 
average soil samples (table 4), an unusual case is 114, a decomposing shale. 
This was divided into yellow and brown layers separated only a few milli- 
meters from each other in the rock. Yet the two layers contained very un- 
equal proportions of zinc, while US, from nearby, had much larger amounts 
of zinc. The zinc in peat samples 25, 26, and 96 (table 6) is not high if it is 
calculated on the volume instead of the weight of the soil. 

Many samples were collected for the purpose of finding out whether soil and 
rock from the same place were nearly alike in coinposition (table 3). In most 
of these cases the rock appeared to be the parent source of the soil, and in such 
instances, the two were similar in composition. In other cases, however, 
there is wide variation between rock and soil. Possibly, individual pieces of 
loose rock found on the surface of the soil may have been brought there by some 
agency in no way connected with the development of the soil, and therefore 
no great similarity in composition should be expected. 

2 After this had been written it was found that a similar hypothesis had been offered by 
Goldschmidt (2) to explain how various metals are sometimes accumulated by the agency 
of vegetation on the surface of the soil. 
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On account of the great capacity of the soil to convert zinc to a water-in- 
soluble condition it appears improbable that zinc brought to the surface of the 
soil by plant action will soon be leached down into the subsoil by ordinary 
weathering agencies. But the fact that the zinc content of many soils is 
similar in samples which have been taken from widely separated places and 
which have been developed from very different kinds of rocks, seems to indicate 
that the soil-forming agencies tend to affect the distribution of zinc in about 
the same way as they affect the distribution of other difficultly soluble mineral 
matter in soil. This is in accord with the thesis that similar weathering tends 
to produce similar soils from widely different sources. This tendency to uni- 
formity in soils with respect to zinc will be promoted by the presence of soluble 
salts and CO 2 in the soil solution, because these greatly increase the solubility 
of zinc over its solubility in rain water. 

During the study of methods for extracting zinc from soils, it was found that 
little or no zinc was removed from the soil by alkaline solvents. Failure of 
some plants on alkaline soils may be due to lack of available zinc in the soil 
solution, though the potential supply is adequate. Perhaps this is the reason 
why fruit trees sometimes fail on so-called corral spots, spots where animals 
have been corralled, frequently for many years in succession. The soil is 
generall}/' alkaline, and contains unusually large amounts of easily soluble 
potassium and phosphate. The alkalinity and the phosphates are unfavorable 
to solubility of zinc. It may be that acidification of such soils would make 
them more fertile. Perhaps the recovery of fruit trees on such soils following 
growth of alfalfa among the trees may be aided by removal of excessive phos- 
phate and increase of CO 2 in the soil through action of the alfalfa. 

A general survey of the analytical results leads to the conclusion that there 
are large differences in the zinc content of soils from different locations, some- 
times from spots near each other, such as 129 and 130 (table 2 ), caused by 
organic matter. Percentage variations in available zinc seem to be similar to 
those found in available potassium, phosphorus, and other nutrient constit- 
uents of ordinary soils. 

Too few agricultural soils have been examined to warrant any sweeping 
conclusions in regard to zinc content of soils from different regions or of differ- 
ent series. It appears that many more samples of soil should be analyzed to 
determine (a) differences in the same spot relative to depth, (b) differences 
in the same kind of soil in different locations, (c) whether there is a character- 
istic difference between different soil series, and (d) whether it is possible to 
predict the probable adequacy of the zinc-supplying power of a soil 

SUMMARY 

About 140 samples of soil and rock collected from numerous places in central 
California have been analyzed for available zinc. In some samples copper, 
cobalt, and nickel also have been determined. Lead was determined in ail 
samples. 
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In generalj the amount of zinc found is only 1 to 5 p.p.m., though some sam- 
ples contain much more. 

Many samples show that zinc as well as some other minor metals are ac- 
cumulated in the surface soil by action of vegetation, and that this accumulated 
zinc is only very slowly leached down because of the high fixing power of soil 
for zinc. Probably this is the reason why subsoil usually contains less zinc 
than does surface soil. 

Many samples of rock associated with the soil have zinc content similar to 
the soil, indicating that the soil was derived from the rock. Although the 
zinc content of soils from different regions is sometimes very different, it seems 
probable that soil-forming agencies, excepting vegetation, tend to produce 
soils having everywhere a similar content of zinc and other minor metals. 

Though the amount present may be adequate, the zinc in alkaline soils 
seems to be relatively unavailable to some species of plants. 
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CONSISTENCY AND PHYSICOCHEMICAL DATA OF A LOESS PAM- 
PANEO SOIL: I. PHYSICOCHEMICAL PROPERTIES OF 
SAMPLES FROM DIFFERENT DEPTHS OF A PROFILE 

HANS F. WINTERKORN* and GEORGE W. ECKERT 
Missouri Agricultural Experiment Station^ 
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This investigation was started to determine the surface chemical factors of a 
typical Argentinian soil — a loess pampaneo — and their relations to the engi- 
neering properties of this soil. The information reported here is to be used as 
a basis for the development of a method or methods for the improvement and 
stabilization of this type of Argentinian soil for road-building purposes. The 
total investigation will comprise fundamental physicochemical experiments 
on the natural soil and its clay fraction, as well as the testing of systems com- 
posed of the natural soil and of admixtures of organic and inorganic nature. 
The present report contains physical and chemical data and the results of 
consistency tests on samples from an Argentinian profde and on samples of 
typical topsoil and subsoil taken from the same region. 

SOIL MATERIAL USED 

Samples of topsoil and subsoil and a monolith of the profile of loess pampaneo 
were taken from the right-of-way of the road from Buenos Aires to Mar de la 
Plata, Etcheverry Chascomus section, Station 33294. The soil samples are 
typical of the soil in the northeastern part of the Province of Buenos Aires and 
of a great part of the Province of Sante Fe. The depth of the profile is about 
40 inches. 

Before shipment from Argentina, the soil was treated with sulfur dioxide 
vapor to kill the vermin and to sterilize the soil. Prior to entering the United 
States, the soil was treated by dry heat at 100° C. by the U. S. Department of 
Agriculture. These treatments are likely to leave their imprints on the 
colloidal properties of the soil in question. Thus it cannot be expected that 
the data reported here correspond strictly to the behavior of the soil in situ. 
It appears plausible, however, on the basis of present knowledge of soil be- 
havior, that these treatments did not affect the soil properties much more 
than do the common methods of sampling, drying, and pulverizing before 

^ Research associate in the department of soils, 

2 jQjjii; contribution from the Missouri State Highway Department and the University of 
Missouri, Department of Soils, Missouri Agricultural Experiment Station. Journal Series 
644 .',, 
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usage. Besides, the purpose of this investigation was not so much to obtain 
absolute data as to demonstrate functional relationships. 

Visual inspection of the soil profile revealed the presence of a considerable 
amount of organic material, especially in the upper horizons. Since organic 
matter is known to exert a marked influence on the physical and surface chem- 
ical properties of soils, it was decided to pay attention to the amount and, to a 
certain extent, to the kind of organic matter in the various horizons of the 
profile. 

The topsoil sample is representative of horizon A of the profile, and the 
subsoil sample is representative of horizon Bi of the same profile. The usual 
thickness of the A horizon in its natural state varies between 12 and 15 inches.® 
The B horizon of the profile is of a highly clayey character IS to 30 inches 
thick. In this horizon there are generally two subhorizons, Bi and B 2 , the first 
being richer in colloids. At the bottom of B 2 , this horizon blends with the C 
horizon (parent material of loess pampaneo). The soil of the Bi horizon is 
dark brown and in some places has dark streaks or veins due to humus material 
from the A horizon. It has a granular structure when dry and has high 
contraction and plasticity.-^ 

PROPERTIES DETERMINED AND METHODS USED 

Samples from the different horizons of the profile were taken for mechanical 
analysis and for determination of Atterberg consistency constants, type and 
amount of organic matter, sorption of water and gasoline, and heat of wetting 
in water and benzene. Samples from the topsoil and the subsoil were also 
taken for mechanical analysis and for determinations of Atterberg consistency 
constants, organic matter, sorption of water and carbon tetrachloride, and 
heat of wetting. Tests were also made on the profile, topsoil, and subsoil 
samples for the following properties: volume change at field moisture equiva- 
lent, shrinkage limit, shrinkage ratio, field moisture equivalent, and moisture 
equivalent (vacuum). 

The mechanical analyses, by the Bouyoucos method, and the consistency 
tests, by standard procedures, were made at the materials laboratory of the 
Missouri State Highway Department. 

The sorption data were obtained with the Winterkorn-Baver sorption 
apparatus (5). 

The heat of wetting data were obtained with a water calorimeter consisting 
of a silvered 50-cc. Dewar flask fitted with a three-holed cork in which were 
inserted a thermometer, an electric stirrer, and a glass tube inlet for the soil. 
F or each determination, 20 cc. of water and 1 gm. of soil were used. The water 
value of the calorimeter was 12.6 gm. With the help of a magnifying glass the 

® In most cases these soils belong to group A4 of subgrades according to the classification 
of the Bureau of Public Roads. 

^ According to the classification of the Bureau of Public Roads, it belongs to group Ae 
or Ay. 
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thermometer could be read accurately to 0.05° C. and approximately to 
0.02° G. 

The amount of organic matter was determined by combustion; and its nitro- 
gen content, by the Kjeldahl method. 


DISCUSSION OP THE DATA OBTAINED 


The results of the routine tests are contained in table 1 ; the data on sorption, 
heat of wetting, and organic matter are shown in figures 2-5. These are 
discussed in the following paragraphs. 


TABLE 1 

Routine tests on soil samples 


LAYER (INDEX) 


inches 


a 

p 

M 

P * 


3 P* 

« § i 
5§i 

Sag 

3^5. 


ii 


Sr 


MECHANICAL ANALYSIsf 


ing 

?!^200 

sieve 


Silt 

(Diam. 

0.05- 

0.005 

mm.) 


Clay 
(Diam. 
0.005 I 
mm.) 


Col- 

loids 

(Diam. 

0.001 

mm.) 


Profile samples 


0-2 

38.5 

31.9 

6.6 

11.9 

27.1 

1.38 

35.7 

30.3 

95.0 

53 . o | 

26.0 

11.0 

2-7 

33.5 

26.1 

7.4 

10.8 

22.8 

1.54 

29.8 

28.5 

95.8 

53.0 

26.0 

11.0 

7-10 

33.3 

16.4 

16.9 

9.5 1 

18.0 

1.73 

23.5 

31.7 

95.4 

47 . 0 ; 

34.0 

20.0 

10-15 

50.0 

21.6 

28.4 

29.0 

15.2 

1.86 

30.8 

44.4 

97.0 

37.0 

49.0 

32,0 

15-24 

69.0 

27.8 

41.2 

44.8 

16.8 

1.83 

41.3 

63.8 

98.8 

30.0 

61.1 

37.0 

24-32 

61.2 

25.7 

35.5 

39.7 

16.3 

1.83 

38.0 

55.7 

98.6 

31.0 

56.0 

31.0 

32-39 

44.2 

25.1 

19 . li 

30.4 

15.7 

1.79 

32.7 

44.1 

98.0 

37.0 

50.0 

27.0 


Topsoil and subsoil samples 


Topsoil 

} 38.4 

28.61 

9 . 8 ! 

14.7 

24.0 

1.48 

33.9 

29.9 

95.8 

51.0 

29.0 

13.0 

Subsoil 

60.7 

27.4 

33 . 3 j 

46.3 I 

14.4 

1.89 

38.9 

55.8 

98.21 

33.0 

53.0 

34.0 


t In per cent. 


Change of the soil constants as a function of the location of the sample in the profile 

Figure 1 shows the change of the liquid, plastic, and shrinkage limits for 
increasing depth. It is only from 10 inches down that these constants follow 
the same type of curve. Tammann (4, p. 70-72) asserts that a plastic body 
must have at least three glide plane systems, that the breaking strength of a 
crystal element bounded by three glide planes must be as great as possible 
compared with the force necessary for gliding, and that the greater the number 
of glide planes per centimeter in one and the same glide system the more 
plastic is the body. Accordingly the more plate, scale, or rodlike particles 
there are in a soil system and the smaller their dimensions, the greater is the 
potential plasticity of the system. To fulfill the second of Tammann’s re- 
quirements for plasticity, the surfaces of the mineral units of the soil have to 
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be more or less well lubricated. The more surface there is in a soil system, the 
more lubricant is required; accordingly the higher the clay and colloid content, 
the higher should, in general, be the plastic limit; on the other hand, the in- 
crease of the number of sliding planes with increasing amount of fines should 
have a tendency to lower the plastic limit values; thus, the relationship between 
plastic limit and clay or colloid content would not be expressible by a straight 
line. Another influence in the same direction is the sorption of clay particles 
on larger grains such as those of silt and sand, exempting one side of the clay 
particles from the need of lubrication. By taking these factors into account 
it can be seen, even if we assume that all the fine soil particles possess the same 
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Fig. 1. Change oe Water-Consistency Relationship with Increasing Depth in Proeile 


surface character and the same lubrication needs, that a strict proportionality 
between clay and colloid content on one side and the plastic limit on the other 
cannot be expected. Actually the surface and lubrication behavior of the fine 
materials in soils may difier not only for different geographic locations, but for 
different depths on the same location caused by differences in their chemical 
composition, in their exchange ions, and m their surface coatings. Thus the 
deviation of the curve type of the plastic limit function from that for the clay 
and colloid function may be caused by one or more of the aforenamed factors. 
Though the water at the plastic limits represents the more strongly bound 
lubrication liquid, the difference between the water content at the plastic and 
the liquid limits represents water bound with less and less energy and grading 
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into free water at the liquid limit. Between these limits thixotropic phenom- 
ena may play a considerable role. 

Although the contents of clay and colloids were constant from the surface 
to a depth of about 7 inches, there was a considerable difference between the 
data on the liquid limit, the plastic limit, and the shrinkage limit at depths of 
0-2 and 2-7 inches, respectively. Although the clay and colloid contents 
at a depth of 2-7 inches differed considerably from those at a depth of 7-10 
inches, this difference appeared only in the plastic and shrinkage limits, and 
not in the liquid limits. At the same interval, the value for the shrinkage 
limit, which commonly lies lower than that for the plastic limit, is above the 



latter. This phenomenon as well as the aforementioned one indicates expan- 
sive properties of the layer from 7 to 10 inches in completely wet and in dry 
condition, while this property is probably checked by the surface tension of 
water at intermediate moisture contents. 

Figure 2 shows data on the plastic index, the heat of wetting by water, and 
the clay and colloid contents. As expected, the general type of curve for the 
plastic index corresponds to that for the content of clay and colloid. But 
between 2 and 7 inches the plastic index increases without any increase in the 
clay and colloid contents. Similarly, the difference in plastic index between 
the soil at 24-32 inches and that at 32-39 inches appears greater than that 
warranted by simple decrease in clay and colloids. 
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Enefgy of wetting as u function of the surface chemistry of the soil constituents 

No heat of wetting could be obtained by water immersion of the soil samples 
taken from a depth of 0 to 8 inches. For greater depths, the heat of wetting 
in ivater rises in accordance with the clay content but stays constant for 
samples from a depth of 16 to 32 inches, without registering the change of clay 
content occurring at 24 inches. The resistance of the organically coated sur- 
face soil against wetting by water appears to be the reason that more water is 
needed for the lubrication of the fine particles in this soil and for the consequent 
relative increase of the plastic limit. Contributive to this effect are also the 
expansive properties of the surface soil. The reason for the constancy of the 
heat of wetting for the soil samples from 16 to 32 inches can be found in the 
two facts, {a) that not all the potential internal surface of the soil systems was 
accessible to the wetting water, and (J) that the water in order to reach the 
surfaces to be wetted had to overcome the resistance of separation, with the 
loss of part of the heat of wetting. Of course, in preparation of the samples 
for the plastic and liquid limit tests this resistance is mechanically overcome by 
the operator, who works the water into the soil mass. For this reason the 
plastic index shows a parallelism with the clay and colloid content of the 
samples. This is further brought out by the data in figure 3 showing the 
changes in plastic index, heat of wetting in water and in benzene, respectively, 
and water and gasoline intake by powdered soil samples. Though with water 
no heat of wetting is produced on powdered soil samples taken from a depth of 
0-8 inches, wetting with benzene shows a heat effect, and samples taken from 
depths below 8 inches are still better wetted by benzene than by water. Sam- 
ples of the natural soil taken from greater depths are more easily wetted by 
water than by benzene. In accordance with the trend of the data on the heat 
of wetting in water, the data on the heat of wetting in benzene do not show a 
maximum at the maximum of the clay and colloid content. Neither do the 
data on the intake of water and gasoline by the dry powdered soil sample show 
this maximum. On the contrary, there exists a secondary minimum for the 
water intake at this place. The water intake measured by the Winterkorn- 
Baver method shows, first, a very slight decrease with increasing depth of 
sampling, then an abrupt increase, with continued tendency to show an 
increase. The intake of gasoline, is, as was expected, highest for the soil 
samples from the top 4 inches. The hidden maximum in the intake and heat 
of wetting data indicates that more energy might be needed to destroy the 
agglomerations of the fine particles than could be furnished by the energy of 
hydration. 

In figure 4 are given curves for the change with depth of the plastic index- 
clay ratiG, the content of organic matter, the C/N ratio of the latter, and the 
product organic matter X C/N ratio. It has already been shown that the ra- 
tio of plastic index to clay content cannot be expected to be constant. It is 
important to find out which one of the cooperating factors is chiefly responsible 
for the observed phenomenon. Comparison of the curves for silt content and 


wtm 




80 


HANS F. WINTERKORN AND GEORGE' W. ECKERT 


plastic index-clay ratio shows that small values of this ratio coincide with large 
values of the silt content; but the maximum of the plastic index-clay function 
does not coincide with maximum clay content. The general correlation be- 
tween the plastic index-clay ratio and the silt content may find its explanation 
in the absorption of part of the clay by the silt particles; the larger the silt 
content, the larger the absorbed part of the clay, the smaller is the relative 
activity of the clay. This explanation appears to be the most plausible for the 
present case. Of course, there are other possibilities, as already noted. Thus 
the clay may vary in chemical composition and therewith in physical properties 
with increasing depth in the profile. The clay may also exist in different states 
of aggregation and reactivity for different depths as a result of (a) the amount, 
and (b) the chemical composition and physical properties of organic coatings. 
There is, furthermore, a possibility that the effect of organic cements falsifies 
the data of the mechanical analysis. Compared with the effect of the silt 
content, the other possible effects appear to play only a secondary role in the 
present case for the lower parts of the profile. The data plotted in figure 4 
lead to interesting conjectures on the relative participation of the enumerated 
factors on the plastic index values, but it would be premature to attempt 
quantitative statements in view of the scarcity of material on hand. 

Influence of organic matter on the consistency properties of soils 

A point of major interest is the influence of the organic matter on the con- 
sistency properties of soils. Russel and Wehr (3) found that the organic matter 
has a decided effect on the plasticity of soils; Burr and Russel (2) showed that 
the loss of organic matter decreased the plastic range and increased the tough- 
ness of soils. Baver (1) oxidized soils containing organic matter with a 3 per 
cent H 2 O 2 solution and found a marked lowering of both the plastic and the 
liquid limits of the soils after this treatment, though the plastic index showed 
only a slight tendency to decrease. These findings are in accordance with the 
data contained in this paper, but it must be kept in mind that the oxidation 
of the organic matter might be accompanied by an oxidation of the inorganic 
surface constituents of the soil particles with some modification of their 
activity toward water. It is probable, furthermore, that extended drying is 
likely to change the affinity of the organic material for water. Another in- 
teresting finding of Baver’s is the increase of the amount of clay and the 
decrease of the amount of silt and sand in soil samples by oxidation. This 
fact confirms the statements on the possible function of organic matter which 
were made in the foregoing. 

It appeared worthwhile to find out how oxidation of the soil samples from 
different depths of the profile influenced the heat of wetting with water and 
benzene and the intake of water and gasoline in the Winterk appa- 

ratus. The samples were oxidized with 10 per cent H 2 O 2 ; the results are seen 
in figure 5. 

The data show, in general, a greater heat of wetting for benzene than for 
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water. The heat of wetting for benzene is constant to a depth of about 8 
inches, then increases rapidly to a maximum at about 18 inches (coinciding with 
that for the clay content), decreases for samples taken from depths down to 
26 inches, and continues constant. Except for a small part (24-28 inches) the 
curve for the heat of wetting with H 2 O lies beneath that obtained with benzene. 
The heat of wetting with H 2 O per gram of soil is constant to a depth of about 
12 inches, rises rapidly to a depth of 18 inches, stays constant to a depth of 
about 26 inches, falls to a depth of 30 inches, and remains constant to the end 
of the profile. There is no maximum which coincides with that of the clay 
content, as was the case with benzene. In soil samples from the upper horizon 
some organic matter appears to be available, which cements some of the clay 
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particles together and which has a greater afiBnity for benzene than for water. 
The constancy of the heat of wetting for water from 18 to 26 inches seems to 
indicate that the energy of cementing the clay particles together is at least of 
the same order of magnitude as the energy of the wetting process. The water 
sorption stays constant to a depth of about 8 inches, increases rapidly with 
increasing depth to about 12 inches, after which it stays more or less constant 
to a depth of about 32 inches. A rapid increase at this point coincides with an 
increase in silt content. The intake of gasoline is slightly irregular but has a 
tendency to stay constant. These data demonstrate, again, that the behavior 
of soil toward water is not just a simple function of the primary constituents 
of the soil such as sand, silt, and clay, as determined by mechanical analysis, 
but is greatly influenced by the secondary structure and by the stability of this 
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secondary structure. The stability of the secondary structure decides to a 
large extent the difference in the results of test methods which involve manipu- 
lation and of those which do not. It is obvious that the manipulation involved 
in testing a soil for a certain purpose should not be more intensive than the 
manipulation which the soil has to stand in service. Thus in subsoils it is not 
the potential water capacity, as expressed by the liquid limit, the plastic limit, 
and the plastic index, which is important in judging their qualities, but rather 
their reaction toward the water that actually enters the S3rstem by such forces 
as capillarity, and the resistance of the secondary particles toward dispersion 
by the water alone or in connection with stresses and strains incidental to their 
usage. 


SUMMARY AND GENERAL CONCLUSIONS 


Data on the mechanical composition, consistency properties, heat of wetting, 
and sorption of liquids were obtained with soil samples taken from different 
depths of a profile of loess pampaneo. They were used as a basis for discussing 
the various factors which influence the soil-water relationship. Among 
others, the following facts were determined: 


A large clay content and a large plastic index indicate rather the potential water-holding 
capacity of a soil than the behavior of the natural soil toward the action of water in situ. 

The actual behavior of a relatively dry soil system toward water can be represented as 
a dynamic equilibrium between the wetting energy of the water and the cohesive forces at 
play in the soil system. The mechanism of the water attack is a function of the accessibility 
of the internal surface of the soil. Thus the water sorption in the Winterkorn-B aver appara- 
tus appears to be more dependent on wetting phenomena and on the amount of silt present 
than on the total clay content. 

The amount and t3?pe of the organic material in a soil exerts a considerable influence on 
the behavior of the soil toward water. In this connection, the change of the C/N ratio of the 
organic material with change in depth of the profile is probably of importance. 

F rom a practical standpoint, soil from the surface 8 inches should make a better subgrade 
for roads than the subsoil. It should also give better results in bituminous stabilization, as 
indicated by its preferential wetting with benzene. 
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The phenomenon of autolysis or self-dissolution has been noted by many 
investigators working with yeasts, filamentous fungi, and many species of 
bacteria ( 1 , 2, 5, 6, 9). More recently, Verner and Altergot (7) reported the 
lysis of mycelium of Fusarium niveum. Dissolution was especially marked 
when the organism was cultured on certain media and when its growth was 
accelerated. A thermostable lytic principle was isolated from the lysing 
cultures. Concurrently, Krasilnikov (3) described a somewhat analogous 
phenomenon among saprophytic and pathogenic actinomycetes. Partial or 
complete lysis of colonies, beginning most frequently at the center and passing 
into the periphery, was observed. During lysis some threads of mycelium 
became differentiated into chlamydospores or strongly inflated cells which 
did not lyse but later developed into mycelia. Following up this work, 
Krasilnikov and Korenieko (4) obtained a thermostable lytic factor from 
solutions in which lysis had occurred. The lytic agent dissolved dead cells 
and was strictly species specific, two factors which were considered by the 
investigators to exclude bacteriophage and lysozyme respectively. 

When soils or decomposing materials are plated, large numbers of actino- 
mycete colonies develop. Some of these show evidence of lytic degeneration 
which is usually restricted to segments of the colonies and is rarely complete. 
It is a common phenomenon, to which surprisingly little attention has 
been paid. 

The present paper deals with the lysis of a saprophytic, thermophilic 
Actinomyces, During an examination of starch-ammonium-sulfate-agar plates 
of horse manure composted at 50°C. (8) attention was drawn to an Actino- 
myces colony which had disappeared almost completely over night. Rem- 
nants of this colony were transferred to fresh agar medium, and growth was 
obtained within 24 hours. Some 12-24 hours later this growth had again 
vanished almost entirely; further studies were therefore begun and are here 
briefly reported. 

EXPERIMENTAL 
Cultivation of the Actinomyces 

Ah attempt was first made to obtain a medium on which the organism 
could be readily cultured without its undergoing lysis so completely as to 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and microbiology.' 
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obviate all possibility of its recovery. Accordingly, remnants of growth from 
plates on which lysis was first demonstrated were streaked on different media 
(table 1) and the cultures incubated at 50*^0. The medium most suitable for 
the cultivation of this organism was nutrient agar. This substrate in no way 
interfered with the lysis of the organism when transferred to an appropriate 
medium (starch-ammonium-sulfate agar). 

Demonstration of lysis 

The procedure employed in demonstrating lysis was to prepare a water 
suspension of a 24-48-hour nutrient-agar culture and to spread an aliquot of 
the suspension on the surface of the starch-agar medium in petri plates; or to 
transfer a suitable quantity (0.5-1 cc.) of the suspension to sterile plates into 
which the agar medium is poured. By this means, the gross aspects of lysis 
presented in figure 1 were obtained. Several of the circular lytic areas were 
magnified and photographed (fig. 2). These did not change in size or shape 
but gradually merged into, and disappeared along with, the adjacent mycelium. 
These clear lytic spots were remarkably similar to bacteriophage plaques 
although, as will be pointed out subsequently, no transmissible lytic agent 
could be demonstrated. Dissolution or lysis was usually complete within 
48-72 hours. Nevertheless at times, clumps of mycelium remained, but when 
these were streaked on a suitable medium they produced growth that later 
again underwent lysis, which was usually but not always complete. 

By means of streaking a diluted suspension of Hiq Actinomyces on starch 
agar, colonies were obtained which began to lyse after 36 hours at 50°C. 
(figs. 3 and 4). Lysis may begin at the periphery and extend across the 
entire colony, or it may begin at the center and pass gradually to the edge. 
In some cases the colony as a whole slowly disappeared. At times, a slight 
residue of fragmented mycelia remained, but more often the colonies lysed 
completely. 

An attempt was made to study in greater detail the disintegration of these 
colonies. Figures 5 to 7 illustrate the progressive lytic degeneration of one 
colony photographed first when 36 hours old and when lysis had already begun. 
The colony, originally composed of densely interwoven mycelial strands (fig. 4), 
gave evidence of lysis by the gradual thinning out of this mycelial mass, as 
may be seen in figure 3 where the centers of several complete colonies have 
become spotted. This diminution of density is clear in figure 5. The myce- 
lium began to shred and break up into irregular thin threads, and finally 
it became more or less translucent, leaving, in many places, a difficultly dis- 
cernible fine-grained residue (figs. 6 and 7). 

The presence of plaquelike spots in a confluent mass oi th.^ Actinomyces 
suggested bacteriophage as the agent responsible for the lytic degeneration 
observed. Phages active against actinomycetes have been reported (8). No 
transmissible lytic agent could be demonstrated. During this work it was 
found that the organism grew slowly in starch-ammonium-sulfate fluid medium 
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with the production of fluffy lenslike colonies scattered throughout the medium. 
After 72 hours' incubation these disintegrated but did not lyse completely, 
as transfers from these cultures into fresh medium produced similar colonies 
followed by disintegration. Berkfeld filtrates of such fluid cultures and 
filtrates of extracts made with the same medium triturated with agar in which 
lysis had occurred were tested against the lytic Actinomyces and twelve common 
soil actinomycetes {Act. scabies , Act. cellulosae^ etc.), but in no case was growth 
inhibited or transmissible lysis obtained. No lysis of heated or unheated 
suspensions of the Actinomyces in distilled water or of heated suspensions in 
the starch medium could be demonstrated. 

Effect of temperature and reaction on growth and autolysis 

Nutrient and starch-agar media were used in these experiments. The 
organism did not grow at 28°C. or 60°C.; growth was best at 50®C. and slower 
at 37®C. Lysis (on the starch agar) was most complete at S0°C. and was 
correspondingly slower at 37°C, It was found that the optimum pH for 
growth was from 7.0“7.5, and once more, lysis was most complete where 
growth was best. There was little growth below pH 6.0 and above 8.0. In 
the course of this work it was noted that the reaction of the starch-ammonium- 
sulfate agar in which lysis had occurred had dropped from pH 7.0 to about 5.7. 
The reaction of such agar cultures was readjusted to pH 7.0, and the medium 
was sterilized and reinoculated. Growth was obtained after 24-36 hours' 
incubation and was followed by lysis; again, the reaction dropped to pH 5.7. 
Starch agar was now prepared and KNOs substituted for (NH 4 ) 2 S 04 . The 
organism grew more slowly on this medium but did not lyse appreciably, and 
it was found that the pH of this medium remained at about 6.8 to 7.0, These 
experiments demonstrated that it was not lack of nutrients which caused 
inhibition of growth followed by dissolution and pointed to reaction resulting 
from the accumulation of the sulfate ion as the factor which suppressed growth 
and directly or indirectly stimulated the autolytic mechanism. Autolysis 
of this Actinomyces is not alone a matter of growth, senescence, death, and 
dissolution, since the organism develops well and rapidly on nutrient agar 
without lysing appreciably. 

In order to study this effect further a buffer solution of Na 2 HP 04 and 
KH 2 PO 4 salts in the proportions required to give a pH of 7.1 was employed, 
and starch-ammonium-sulfate medium (fluid and solid) was prepared by 
adding to this buffer solution the necessary ingredients in the correct propor- 
tion. It was found, however, that the organism would not grow in this 
medium. Recourse was then made to the introduction of CaCOs into the 
medium; it had been omitted previously, since the white background it pro- 
duced on agar plates made observation of lysis difficult. Addition of this 
salt to agar plates did not counteract appreciably the acidity which developed 
on the plates or prevent lysis. Nevertheless, growth was more abundant, 
and lysis was somewhat delayed and not always complete. CaCOg is, of 
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course, relatively insoluble, and its influence is particularly negative in a solid 
medium .Lime (1 per cent) was therefore added to starch-ammonium-sulfate 
fluid medium, which was then inoculated with the Actinomyces, The results 
are presented in table 2. 

Again the relation between pH and lysis is evident. Appreciable surface 
growth was obtained in the lime-treated medium. This was removed and 
transferred to starch fluid medium without lime, but it did not lyse. It may 
be that lysis occurs at a particular stage of growth and at a certain pH, and 
if the organism passes the susceptible stage while the pH is held at or near 
the optimum (as in the medium containing CaCOa) it will not lyse. This 

TABLE 2 


Influence of reaction upon growth and lysis of a thermophilic Actinomyces 



pH VALUE ! 

GROWTH’* 

LVSISt 

Incubation hours 

0 

24 

48 

72 

96 

24 

48 

72 

96 

24 

48 

72 

96 

Flasks without 

7.0 

7.0 

6.8 

6.3 

6.1 

4- 

4-4- 

4-4- 

4- 


-b 

4-4- 

4-4- 

CaCOs 














Flasks with CaCOa 

7.1 

7.0 

6.9 

6.8 

6.8 

4- 

4-4- 

4-4-4- 

4-4-4- 


— 

— 

— 


* Growth: -h slight, +4- fair, medium, 

t Lysis: — none, -f slight, 4-4“ fair. 


TABLE 3 


Correlative changes of reaction and lysis of a thermophilic Actinomyces 


INCUBATION 

pH VALUE 

GROWTH* 

LYSISf 

hours \ 

12 

7.0 

4-4- 


24 

6.4 

-b4-4- 

+ 

36 

6.0 

4-4- 

++ 

48 

5.7 

— 

++++ 

72 

5,6 

— 

++++ 


* Growth: — none, 4-4- fair, 4- 4“ 4“ medium, 
t Lysis: — none, 4- slight, 4-4" fair, 4- 4- 4- 4- complete. 


possibility was checked by the following experiment. Starch-agar plates 
were inoculated with the actinomycete and incubated; the plates were observed 
frequently for extent of growth and degree of lysis, and at each period of 
examination the pH of the agar of several plates was determined. 

It is apparent from table 3 that lysis begins at a pH higher than 5.7 and at a 
reaction which still permits growth. The results of this experiment, then, 
lead to the interpretation that it is not the low pH (5.7) which stimulates 
the autolytic agent by inhibiting further growth, but that it is a certain pH 
(6.0-6.5) which, becoming effective when the organism is at a particular stage 
of its development, inhibits it and stimulates the autolytic mechanism. This 
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conclusion is in accord with that of Krasilnikov and Korenieko (4), who 
stated that “if on a developing culture, however youngj the effect of some 
agent delaying growth is exercised, then lysis begins/^ 

SUMMARY 

A thermophilic, autolytic Actinomyces was isolated from composting horse 
manure kept at 50°C. 

The organism grew rapidly (24-36 hours) and well on nutrient and starch- 
ammonium-sulfate agars and poorly on Czapek^s, sodium-albuminate, and 
dextrose-asparagine agars. Autolysis occurred only on the starch agar after 
24-48 hours’ incubation at 50°C. 

During massive plate lysis, localized clear areas appeared in the confluent 
mycelial growth; later, these merged into, and disappeared along with, the 
adjacent mycelium. 

Lysis of colonies usually began either at the periphery or center and passed 
progressively inward or outward respectively. This dissolution was found 
to be due to a gradual fragmentation, shredding, and thinning out of the 
dense, interwoven mycelium of the colonies; in many places a difficultly 
discernible fine-grained residue remained. 

No transmissible lytic agent could be demonstrated. 

In starch-ammonium-sulfate fluid medium the Actinomyces grew fairly 
abundantly, but this growth disintegrated after 48-72 hours’ incubation. 
Berkfeld filtrates of this lysed culture had no effect on its own growth or on 
that of twelve common soil actinomycetes. 

The temperature optimum for growth and lysis was 50°C.; the most favor- 
able reaction was pH 7.0-7.5 with limits of growth at pH 6.0 and 8.0. 

During its growth on the starch-agar medium, the organism reduced the 
pH from 7.0 to 5.7. The addition of CaCOs to the fluid medium prevented 
this drop in pH and inhibited autolysis. 

It was demonstrated that autolysis began before the pH of the medium had 
dropped below 6.0, and it was suggested that a combination of a certain pH 
(6.0-6.5) having been attained at a time when the organism was passing 
through a particular stage of its development was responsible for stimulating 
the autolytic mechanism. 
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PLATE 1 

Fig. 1. 36-liour plate culture of the Actinomyces undergoing lysis. 

Fig. 2. Magnified (X 5) circular lytic areas of figure 1. 

Fig. 3. Lysis of colonies on starch-ammonium-sulfate agar after 36 hours* incubation 
at 50°C. X 2.5. 

Fig. 4. Lysis of a single colony (see figure 3). X 12.5. 
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PLATE 2 

Fig. 5. Lysis of a v^6-liour-old colony on starch agar. X 80. 

Fig. 6 . Progressive dissolution of colony in figure 5, after 48 hours. X 80. 

Fig. 7. Almost complete disintegration of colony in figure 5, after 60 hours. X 80 
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When irrigation water is used for a number of years the chemical and 
physical properties of the soil may be markedly affected. The concentration 
and the composition of the salts in the water determine the speed and the 
nature of the changes produced in the soil. 

Since irrigation waters commonly contain more or less Na salts, the impor- 
tance of a thorough understanding of the base-exchange reactions which such 
waters are capable of producing is at once apparent. The present paper is 
devoted chiefly to the chemical effects of salt solutions of different total con- 
centrations and variable ratios of bases. 

EXPERIMENTAL RESULTS 

The soils used in this study were: (a) Yolo clay loam from La Habra, Cali- 
fornia (No. 431); {h) Yolo silt loam from Davis, California (No. 17557), 
both of which are virtually free from CaCOa and have relatively high base- 
exchange capacity; (c) Dublin adobe clay from Gilroy, California (No. 7084), 
which contains about 1 per cent alkali earth carbonate and has very high base- 
exchange capacity; {d) Ramona sandy loam from Riverside, California 
(No. 6296), which is free from carbonate and has low base-exchange capacity. 

Table 1 gives the analyses of solutions obtained by digesting 10 to 20 gm. of 
soil with 250 cc. neutral normal ammonium acetate for several hours at 70°C., 
filtering, and leaching the sample thoroughly with ammonium acetate solution 
(about 500 cc.). It will be noted that the sum of the bases found in the 
leachates exceeded the base-exchange capacity in three of the soils. This 
excess, although not large with soils 431 and 17557, was undoubtedly due to 
soluble rather than replaceable bases in these soils. Other experiments show 
that a considerable part of this excess is soluble in H 2 O. On the other hand, 
soil 7084 contains substantial amounts of substances insoluble in H 2 O but 
soluble in ammonium acetate solution. CaCOs and possibly MgCOa comprise 
a part of these substances, but this soil also contains considerable noncarbonate 
compounds, the Mg of which is nonexchangeable but soluble in various salt 
solutions. For this reason, the accurate determination of the replaceable 
bases in this soil is extremely difficult. 

Table 2 shows the effect of concentration and varying ratios of solution to 
soil 431. Three Goncentrations of chloride solution were used, each containing 
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Na and Ca in the ratio of approximately 2:1. The solutions were first shaken 
to equilibrium with the soil, then filtered and analyzed for Ca and Mg. The 
results show that as the ratio of solution to soil decreased, the concentrations 
of Ga and Mg removed in the extract increased, an effect which was partly 
due to soluble Ca and Mg in the soil. Originally, the solutions were free from 
Mg; after contact with the soil, they were found to contain substantial amounts. 
In every case, the solutions gained Ca over that present in the original solu- 
tion. This was caused chiefly by soluble Ca rather than by replacement of 
Ca by Na, as will be shown more definitely in other experiments of this paper. 

TABLE 1 

Bases extracted from soils with ammonium acetate solution 
Results in m.e. per 100 gm. 


son. TYPE 

Ca 

Mg 

K 

Na 

TOTAL 

BASE- 

EXCHANGE 

CAPACITY 

(NH4 

absorbed) 

431-~Yolo clay loam 

21.70 

6.00 

1.36 

1.22 

30.28 

28.30 

175S7— Yolo silt loam. 

11.25 

15.20 

1.19 

1.02 

28.66 

23.90 

7084— Dublin adobe clay 

39.70 

39.10 

0.99 

3.61 

83.40 

54.80 

6296 — Ramona sandy loam 

4.60 

1.34 

0.21 

0.66 

6.81 

6.80 


TABLE 2 

Composition of salt solutions as afected by soil 431, using various ratios of solution to soil 


SOLUTION OBTAINED 



Ratio 10:1 

Ratio 5:1 

Ratio 2:1 

Ratio 1.5:1 

.Na . 

Ca 

Ca' . : 

Mg 

Ca 

Mg 

Ca 

Mg 

Ca 

Mg 

m,e. 

5.58, 

10,00 

20.10 

m.e. 

3.57 

5.00 

10.00 

m.e. 

3.94 

5.65 

10.60 

m.e, 

1.38 

1.93 

2.92 

m.e. 

4.08 

5.95 

11.00 

m.e. 

1.41 

2.00 

3.02 

m.e. 

4.57 

6.40 

11.82 

m.e. 

1.57 

2.02 

3.02 

m.e. 

4.90 

6.89 

12.30 

m.e. 

1.75 

2.12 

3.03 


In the next experiment, 100 gm. of the same soil was leached with three 
successive liters of the same kinds of solutions as were used in the preceding 
experiment. Each liter of the leachate was analyzed for Ca, Mg, and Na. 
The results (table 3) show that with the most dilute solution the first liter of 
leachate contained more Na than the original solution. This was due to small 
amounts of soluble or replaceable Na m this soil. On the other hand, with 
every concentration used, the second and third liters of leachate contained 
almost exactly the same concentration of Na as the original solution. Despite 
the fact that considerable Mg was replaced, the first liter of leachate obtained 
with the more dilute solutions contained more Ca than the original solutions, 
an effect which, as has been mentioned, was due to soluble Ca in this soil. 
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Tlie second and third iiters lost significant amounts of Ca and gained corre- 
sponding amounts of Mg as a result of base exchange. 

The results of this experiment indicate that the mere application of moder- 
ately concentrated irrigation water containing two equivalents of Na, or less, 
to one equivalent of Ca, will not produce any important increase in the content 
of absorbed Na with this particular soil, but rather it will produce an actual 
increase in the absorbed Ca of the soil because of the replacement of Mg by Ca. 
Should evaporation and transpiration, however, bring about a substantial 
increase in the concentration of the soil moisture in excess of that of the 
water applied, particularly if the irrigation water is comparatively concen- 
trated, the content of absorbed Na in the soil will tend to be increased 
somewhat. 

TABLE 3 


Composition of salt solutions as affected by leaching through soil 431 


SOLUTION APPLIED 

LITER OF 

LEACHATE OBTAINED 

Na 

Ca 

Total 

LEACHATE 

Na 

Ca 

Mg 

Total 

m.e. . 

m.e. 

m.e. 


m.e. 

m.e. 

m.e. 

m.e. 




1st 

5.90 

3.90 

1.40 

11.20 

5.58 

3.57 

' 9.15 

2nd 

5.53 

2.88 

0.81 

9.22 




3rd 

5.60 

2.95 

0.65 

9.20 




1st 

9.92 

5.37 

1.91 

17.20 

10.12 

5.08 

15.20 

2nd 

10.00 

4.26 

0.95 

15.21 




3rd 

10.12 

4.39 

0.71 

15.22 




1st 

19,40 

10.06 

2.72 

32.18 

20.10 

10.06 

30,16 

2nd 

19.90 

8.93 

1.23 

30.06 




3rd 

20.10 

9.31 

0.67 

30.08 


Table 4 reports the replaceable Ca and Na as affected by leaching the same 
soil with solutions containing Na and Ca in the ratio of 4: 1. In this experi- 
ment 10 gm. of soil was leached with 2 liters of solution ranging in total con- 
centration from about 9 to 120 m.e. per liter. This experiment undoubtedly 
involved more drastic leaching than is likely to be experienced in actual field 
practice. The results indicate that, with the less concentrated solutions, 
most of the exchangeable Mg originally present in the soil (5.41 m.e.) was 
replaced, not by Na but by Ca, as is shown by the increased content of replace- 
able Ca in the soil after leaching. As the concentration of the solution was 
increased, however, the content of absorbed Na also increased, and that of Ca 
decreased, the latter being roughly proportional to the increase in absorbed 
Na; but even after leaching with the most concentrated solution, the soil 
still contained more replaceable Ca than originally. This is remarkable in 
view of the ratio of Na:Ca in these solutions. Nevertheless, increases in 
replaceable Na, such as were produced by the more concentrated solutions, 
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would almost certainly adversely affect the physical properties of the soil 
to some extent (4). 

Since irrigation waters commonly contain not only Cl“ but also HCOl 
and other anions, it is of interest to compare the effects of Na salts of different 
anions. Table 5 shows the effects of several concentrations of NaCl vs. 
NaHCOa. One hundred grams of soil 431 was shaken to equilibrium with 
500 cc. of solution, filtered, and analyzed for Ca, Mg, K, and Na. The results 
show that approximately the same amounts of Na were absorbed from NaCl 
as from NaHCOs, and similar amounts of Ca, Mg, and K were replaced by 
corresponding concentrations of both salts. 

The variable pH of natural irrigation waters suggested an investigation of 
the effects of pH. The results recorded in table 6 show that variations in 
the pH of the solution ranging from 7.0 to 9.0 produced virtually no effect on 
the absorption of Na by soil 431. The amount of Ca found in the NaHCOa 

TABLE 4 


Eocchangeable Na and Ca of soil 431 as affected by leaching with salt solution containing 

4 Na to 1 Ca 


XOTAl CONCENTEATION OF 
SOLUTION APPLIED 

SOIL AFTER LEACHING 

Na 

Ca 

m.e. 

m.e.llOO gm. 

m.e./lOO gm. 

None 

0.22 

20.58 

9,18 

* 

25.50 

15.35 


25.20 

30.35 

* 

24.65 

60.00 

2.31 

22.10 

90.00 

3.01 

23.10 

120.00 

3.38 

22.70 


* Nat determined. 


solutions, however, tended to decrease with increased pH, probably because 
of the precipitation of CaCOa. In all cases, interaction with the soil lowered 
the pH of the more alkaline solutions. 

It would be highly erroneous to conclude from this experiment that the 
absorption of Na by soil is entirely independent of pH. As was shown by 
Kelley and Cummins in 1921 (3), Na, in the form of Na 2 C 03 and NaOH, is 
absorbed by soils to a much greater extent than from corresponding concen- 
trations of neutral Na salts. This is probably due chiefly to the fact that the 
solubility of Ca and Mg compounds, formed in consequence of base exchange, 
tends to decrease when the pH of the final solution exceeds 8.0. 

In the next experiment the ratio of Na to Ca was varied by using solutions 
of constant Ca and constant pH but variable Na content. Five hundred 
cubic centimeters of solution was shaken to equilibrium with 100 gm. of soil 431. 
As shown in table 7, the wider the ratio of Na to Ca in the solution, the greater 
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was the amount of Na absorbed by the soil and the greater was the amount 
of Mg replaced. With solutions containing Na and Ca in the ratio of 1:1, a 
small amount of Ca was also absorbed, but the 4:1 solutions gained Ca by 
contact with the soil, probably chiefly because of soluble Ca compounds in 
this soil. 

TABLE 5 


Efect of concentration of N a salt solution on soil 431 


SOLUTION, APPLIED 

SOLUTION OBTAINED 

Na ABSORBED 

Ca 

Mg 

K 

Na 


m.e. 

mx. 

mx. 

mx. 

mx. 

mx. 


f 2.6 1 

1.10 

0.54 

0.44 

2.01 ■ 

0.59 


5.2 

1.60 

0,54 

0.50 

3.80 

1.40 

NaCl ] 

10.4 

2.22 

1.13 

0.56 

7.74 

2.66 


|20.8 

3.63 

1.70 

0.56 

15.40 

5.40 


[41.6 

5.75 

2.64 

0.87 

34.60 

7.00 


f 2.6 

0.60 

0.68 

0.34 

1.86 

0.74 


5.2 

0.95 

0.54 

0.41 

3.54 ■ 

1.66 

NallCOs < 

!io.4 

1.95 

1.10 

0,51 

i' 7.70 

2.70 


20.8 

3.13 

1.34 

0.55 

15.50 I 

5.30 


41.6 

5.25 

2.24 

0.64 

34.10 

7.50 


TABLE 6 

Effect of pE of salt solutions on soil 431 


SOLUTION 

APPLIED 

pH OF 
ORIGINAL 
SOLUTION 

SOLUTION OBTAINED 

Na 

ABSORBED 

pH 

Ca 

Mg 

K 

Na 

Total 




mx. 

m.e. 

•m.e. 

m.e. 

m.e. 

m.e. 


7.0 ! 

7.4 

3.63 ! 

1.70 

0.56 ’ 

15.40' 

21.29 

5.4 


7.5 

7.4 

3.60 

1.65 

0.60 

15.80 

21.65 

5,0 

NaCl 20.8 m.e. 

8.0 j 

7.6 

3.55 

1.44 

0,61 

15.60 

21.20 

5.2 


8.5 1 

7.9 

3.58 

1.53 

0.61 

15.00 

20. n 

5.8 


9.0 i 

8.0 

3.20 

1.43 

0.58 

16.00 

21.21 

4.8 


7.0 

7.4 

3.13 

1.34 

0.55 

15.50 

20.52 

5,3 

NaHCOg 

7.5 ^ 

7.5 

2.75 

1.43, 

0.56 

15.60 

20.34 

' 5.2 

20.8 m.e. 

8.0, 

7.7 

2.63 

1.40 

0.54 

15.30 

19.87 

5.5 


9.0 

bo 

2.10 ' 

1.36' 

,,0.54 

15.70 

19.70 

5.1 ■, 


Since the irrigated soils. of the Western States commonly, contain CaCOs, 
a Study was made on the effect produced by adding GaCOs to soil 431 . 
Table 8 shows that the absorption of Na by this soil was definitely diminished 
by the presence of CaCOg. From this experiment it is reasonable to conclude 
that, other conditions being equal, the absorption of Na from irrigation water 
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will be substantially less when applied to calcareous soil than to noncal- 
careous soil. 

The data of table 8 have a bearing on laboratory methods for the deter- 
mination of the replaceable bases of soils and also on the interpretation of 
laboratory data on the effects of saline solutions. The mere addition of CaCOs 
not only repressed the absorption of Na, but also produced an increase in the 

TABLE 7 


Effect of solutions of various Na:Ca ratios on soil 431 


SOLUTION APPLIED 

SOLUTION OBTAINED 

Na 

ABSORBED 

NaCl 

NaHCOa ' 

CaCL 

Ratio 

Na:Ca 

Ca 

Mg 

K 

Na 

Total 

bases 

m.e. 

m.e. \ 

m.e. 


m.e. 

m.e. 

m.e. 

m.e. 

mx. 

m.e. 

10.4 

0 

10.4 

1:1 

9.30 

2.98 

0.85 

9.10 

22.23 

1.30 

20.8 

0 

10.4 

2:1 

10.70 

3.40 

0.89 

18.30 

33.29 

2.50 

41.6 

0 

10.4 

4:1 

12.45 

3.80 

0.96 

36.54 

53.75 

5.06 

0 , 1 

10.4 

10.4 

1:1 

8.82 

2.72 

0.75 

8.90 

21.19 

1.50 

0 

20.8 

10.4 

2:1 

8.70 

2.92 

0.83 

17.61 

30.06' 

3.19 

0 ' 

41.6 

10.4 

1 4:1 

10.95 

3.26 

0.90 

35.55 

50.66 

6.05 


TABLE 8 

Effect of CaCOs on bases extracted from soil 431 with salt solutions 


SOLUTION APPLIED 

ADDITIONS TO 
SOIL 

SOLUTION OBTAINED 

Na AB- 
SORBED 

NaCl 

NaHCOs 

CaCl 2 

Ca 

Mg 

K 

Na 

Total 

bases 

m.e. 

m.e. 

m.e. 


m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

90 8 

0 

0 

None 

3.63 

1.70 

0.56 

15.40 

21.29 

5.40 




CaCOs 

5.43 

2.03 

0.60 

18.30 

26.36 

2.50 

0 

20 8 

0 

None 

3.13 

1.34 

0.55 

15.50 

20.52 

5.30 




CaCOs 

4.08 

1.90 

0.54 

18.20 

24.72 

2.60 

10.4 

10.4 

0 

None 

3.43 

1.68 

0.58 

15.60 

21.29 

5.20 



CaCOs 

4,55 

1.87 

0,56 

18.10 

25.08 

2.70 

10.4 

0 

10.4 

None 

9.30 

2.98 

0.85 

9.11 

22.24 

1.29 




CaCOs 

9.25 

2.85 

0.85 

9.68 

22.63 

0.72 


Ca extracted and to a less extent in the Mg also. As is well known, CaCOs 
is soluble to some extent in neutral solutions of NaCl and other Na salts. 
The Ca ions thus brought into solution tended to replace Mg, as well as to 
repress the absorption of Na. Where the solution contained equal concen- 
trations of both NaCl and CaCls, however, the solubility of CaCOs was 
diminished, and consequently the additions of CaCOs produced but little 
effect on the absorption of Na. 
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These results are in agreement with the conclusions previously drawn from 
this laboratory, namely, that the mere determination of the amount of bases 
brought into solution by treating a soil with a salt solution does not accurately 
measure the base exchange which has taken place. Soil scientists have fre- 
quently disregarded this fact (2). In the interpretation of experimental 
results on this subject, consideration must be given to the absorption of ions 
from the solution, as well as to the release of ions to the solution. Where the 
object is to determine the absorption of Na by soils containing CaCOs and 
other constituents common to many semiarid soils, the mere determination of 
the total Ca or other bases released from the soil may lead to highly erroneous 
conclusions regarding base exchange. The equilibria involved when saline 
solutions are added to heterogeneous mixtures of materials, like semiarid soils, 
are extremely complex and involve both ion exchange and solution and 
decomposition processes, and with some soils the amount of the latter may 
equal or exceed that of the former. 

The foregoing experiments were made with a Yolo soil relatively high in 
replaceable Ca, intermediate in Mg, and moderately high in base-exchange 
capacity. In the following experiment, the effect of concentration of NaCl 
was studied on two soils (Nos. 17557 and 7084) high in Mg, one of which 
(No. 7084) has a very high base-exchange capacity, and on a third soil 
(No. 6296) low in base-exchange capacity and low in exchangeable and solu- 
ble Mg. The results show that the absorption of Na from the more dilute 
solutions of NaCl was approximately the same with Yolo soil 17557 and Dublin 
soil 7084, and was similar to that found with Yolo soil 431 (compare tables 5 
and 9). With the most concentrated solution, however, the Dublin soil 
absorbed by far the greatest amount of Na. As was to be expected, the soil 
having the lowest absorptive power (No. 6296) absorbed much the least Na. 
Soils 17557 and 7084 released to the solutions widely different amounts of 
Ca and Mg. In the case of soil 7084, the sum of all bases released (Ca + 
Mg + K) exceeded the Na absorbed by approximately 5 m.e. per liter. The 
results of this experiment afford a striking confirmation of the point discussed 
in the preceding paragraphs. 

In the next experiment the ratio of Na to Ca of the solution was varied, 
the same general technic being used as in the preceding experiment. The 
results on Na absorption obtained with soil 17557 agree very well with those 
obtained with soil 431 (compare tables 7 and 10), but not as regards Mg 
release. On the other hand, with soils 7084 and 6296 the results were sub- 
stantially different. Soil 7084 absorbed considerably the greatest absolute 
amount of Na from the more concentrated solutions and released much the 
greatest amount of Mg, both absolutely and relatively, whereas soil 6296 
absorbed much the least amount of Na from aU the solutions and at the same 
time released much less Mg than the other soils. 

These results indicate that the initial effects of a given saline irrigation water 
may be quite different when applied to different types of soil. With soil low 
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in replaceable Mg and Ca (No. 6296), comparatively little Na was absorbed 
even from a solution containing 4 Na: 1 Ca. On the other hand, with soil 
high in replaceable Mg, much more Na is likely to be absorbed. 

To test the permanency of the aforementioned effect, 20 gm. each of soils 
431 and 7084 were leached with 2 liters of solutions containing NaCl and 
CaCl 2 in the ratio of 1 : 1 and 2:1. The ammonium acetate extractable bases 
of these soils were then determined. The effects produced by this treatment 
probably closely approach the limiting, or most extreme, effects that can 
possibly be produced on soils of these types by saline solutions of the designated 
composition and concentration. Table 11 shows that, after leaching with 
corresponding solutions, both the Yolo 431 and the Dublin 7084 soils were 
left with practically the same content of absorbed Na. Since soil 7084 origi- 
nally, however, contained considerable absorbed Na, leaching with each of 

TABLE 9 


Effect of concentration of NaCl on different soils 


soil, NUMBER 

CONCENTEA- 
TION APPLIED 

SOLUTION OBTAINED 

Na AB- 
SORBED 

Ca 

Mg 

K 

Na 

Total bases 


m.e. 1 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 


10.4 

0.95 

2.12 

0.20 

7.90 

11.17 

2.50 

17557 

20.8 

1.60 

3.50 

0.30 

16.10 

21.50 

4.70 


41.6 

2.62 

5.45 

0.40 

34.60 

43.07 

7.00 


10.4 

2.55 

4.54 

0.18 

7.80 

15.07 

2.60 

7084 

20.8 

3.65 

6.10 

0.20 

15.40 

25.35 

5.40 


41.6 

5.65 

9.40 

0.19 

31.60 

46.84 

10.00 


10.4 

0.84 

0.42 

0.24 

9.25 

10.75 

1.15 

6296 

20.8 

1.29 

0.56 

0.32 

18.40 

20.57 

2.40 


41.6 

1.92 

0.73 

0.36 

37.60 

40.61 

4.00 


these solutions reduced the content of absorbed Na, whereas the 2 : 1 solution 
produced an opposite kind of effect on Yolo soil 431. In neither case was the 
final content of absorbed Na especially high. It was also found that leaching 
with a solution containing 2 Na to 1 Ca brought about a substantial increase 
in absorbed Ca, whereas the Mg content was reduced and the K was affected 
but little. 

Insofar as base exchange is concerned, therefore, an irrigation water con- 
taining Na and Ca in a ratio of 2:1 will probably not permanently affect the 
physical properties of these soils adversely, provided a similar ratio and con- 
centration of these ions prevail in the resulting soil moisture. Since the sum 
of Ca, K, and Na found in the leached Dublin soil (No. 7084) was approxi- 
mately equal to the base-exchange capacity of this soil, the probability is 
that the excess of bases found, above the amount corresponding to the exchange 
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capacity, was primarily due to soluble Mg compounds. This excess was 
diminished by leaching with the saline solution, because of the removal of a 
part of the soluble Mg. 

The original Dublin soil probably contained considerable replaceable Mg, 
since the sum of Ca, K, and Na found in it was less than the base-exchange 

TABLE 10 


Effect on different soils of solutions containing Na and Ca in various ratios 


SOIL 

SOLUTION APPLIED 

SOLUTION OBTAINED 

Na 

NUMBER 

NaCl 

CaCla 

Ca 

Mg 

K 

Na 

Total 

bases 

ABSORBED 


mx. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 


10.4 

10.4 

5.84 

5.65 

0.34 

8.80 

20.63 

1.60 

17557 

20.8 

10.4 

6.24 

6.70 

0.32 

18.30 

31.56 

2.50 


41.6 

10.4 

7.32 

7.62 

0.40 

36.50 

51.84 

5.10 


10.4 

10.4 

6.50 

9.65 

0.22 

8.80 

25.17 

1.60 

7084 

20.8 

10.4 

‘ 7.90 

10.10 

0.21 

16.50 

34.71 

4.30 


41.6 

10.4 

9.65 

13.20 

0.21 

32.60 

55.66 

9.00 


10.4 

10.4 

9.60 

1.15 

0.25 

10.10 

21.10 

0.30 

6296 

20.8 

10.4 

9.88 

1.18 

0.33 

20.40 

31.79 

0.40 


41.6 

10.4 

10.40 

1.23 

0.40 

1 40.90 

52.93 

0.70 


TABLE 11 

Effect on bases extractable with ammonium acetate produced by leaching soils with 

Na-Ca solutions 


SOIL 

LEACHING SOLUTIONS 

BASES EXTRACTED WITH AMMONIUM ACETATE 

NH 4 

NUMBER 

NaCl 

CaCh 

Ca 

Mg 

K 

Na 

Total 

ABSORBED 


m.e. 

m.e. 

m.e.fl00 

gm. 

m,e.ll0Q 

gm. 

m.e. (too 
gm. 

m.e. (100 '\ 
gm. 

m.e./lOO gm. 

m.e. 


None* 

None 

21.70 

6.00 

1.36 

1.22 

30.28 

28.30 

431 

10.4 

10.4 

24.80 

1.11 

1.14 

0.92 

27.97 

28.30 


20.80 

10.4 

25.00 

0.65 

1.06 

1.63 

28.34 

28.10 


None* 

None 

38.98 

37.75 

0.94 

3.19 

80.86 

54.80 

7084 

10.4 

10.4 

53.00 

16.90 

0.72 

1.00 

71.62 

55.00 


20.8 

10.4 

53.50 

10.20 

0.62 

1.85 

66.17 

55.20 


* Data in these rows are for soils before leaching. 


capacity (NH4 absorbed). This accounts, in part, for the marked increase 
in exchangeable Ca following the treatment with the saline solutions. 

In the next experiment chloride solutions containing variable ratios of Na 
to (Ca + Mg) were shaken to equilibrium with the soil, then analyzed. The 
results show that the partial substitution of Ca by Mg in the solutions had 
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but little effect on the absorption of Na (compare tables 7 and i2). This 
substitution, however, did have a marked effect on the replaceable Ca of the 
soil, as is shown by the fact that the Ca found in the extracts was much greater 
than in the original solutions. In this experiment the absorption of Na took 
place chiefly at the expense of the Ca of the soil, whereas with Na-Ca solutions 
(table 7) the absorption of Na was largely a consequence of Mg replacement. 

TABLE 12 


£fecl of solutions containing various ratios of Na.fCa + Mg) on soil 431 


SOLUTION USED 

SOLUTION OBTAINED 

Na 

Na 

Ca 

Mg 

Ca 

Mg 

K 

Na 

Total 

ABSORBED 

m.e. 

m.e. 

m,e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

10.4 

5.2 

5.2 

9.15 

5.74 

0.85 

9.20 

24.94 

1.20 

20.8 

5.2 

5.2 

10.05 

6.30 

0.86 

18.50 

35.71 

2,30 

41.6 

5,2 

5.2 

10.90 

6.20 

0.88 

37.00 

54.98 

4.60 

10.4 

bo 

2.6 

10.28 

4.80 

0.78 

11,10 

26.96 

! -0.70 

20.8 

bo 

2.6 

10.64 

! 4.92 

1 0.81 

20.30 

36.67 

0.50 

41.6 

1 7.8 

2.6 

12.96 

4.83 

0.82 

37.60 

56.21 

4.00 


TABLE 13 

Efect on soil 431 produced hy leaching with Na-Ca-Mg solutions 


LEACHING SOLUTIONS 

BASES EXTRACTED WITH AMMONIUM ACETATE 

NH4 

ABSORBED 

NaCl 

CaCla 

MgCls 

Ca 

Mg 

K 

Na 

Total 

m.e. 

m.e. 

m.e. 

m.e. 1100 gm. 

m.e./lOO 

gm. 

me./ 100 
gm. 

m.e./lOO 

gm. 

m.e./ 100 gm. 

m.e. 

None* 

None 

None 

21.70 

6.00 

1.36 

1.22 

30.28 

28.30 

10.4 

5.2 

5.2 

15.20 

8.25 

1.06 

2.25 

26.76 

28.75 

20.8 

5.2 

5,2 

15.25 

8.41 

1.03 

2.42 

27.11 

28.85 

41.6 

5.2 

5.2 

15.75 

: 8.25 

1.10 

3.14 

28.24 

28.75 

10.4 

7.8 

2.6 

18.65 

5.70 

1.10 

2.34 

^ 27.79 

28.15 

20.8 

7.8 

2.6 

19.00 

5.35 

1.05 

2.62 

^ 28.02 

28.23 

41.6 

7.8 

2.6 

19.25 

5.00 

1.12 

3.13 

1 28.50 

28.23 


* Data in this row are for soil before leaching. 


Results of a study of the effects produced by leaching the soil with solutions 
containing the same ratios of Na to (Ca + Mg) as were used in the preceding 
experiment are reported in table 13. When these data are compared with 
those for tlie same soil recorded in table 11, it is seen that leaching with Na-Ga- 
Mg solutions caused the absorption of somewhat greater amounts of Na than 
did leaching with Na-Ca solutions of corresponding Na concentration. It is 
also shown that these two types of solution produced markedly different 
effects on the replaceable Ca and Mg of the soil As has been pointed out, 
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leaching with Na-Ca solutions produced substantial increases in the replaceable 
Ca of the soil and reduced the replaceable Mg to a low level, whereas, as was 
to be expected, leaching with Na-Ca-Mg solutions reduced the content of 
replaceable Ca. Those solutions which contained Ca and Mg in the ratio 
of 1:1 in addition to Na produced an increase in the replaceable Mg content, 
whereas those which contained Ca and Mg in the ratio of 3:1 reduced the 
content of Mg somewhat. The reduced content of replaceable Ca and the 
increased content of replaceable Na produced by these solutions indicate that 
irrigation waters containing Na, Ca, and Mg might produce deleterious effects 
on this soil even though the ratio of Na to (Ca + Mg) is not greater than 1:1. 

Consideration should be given, therefore, not only to the ratio of Na to the 
total alkali earth bases in irrigation waters, but also to the ratio of Ca to Mg. 
It is true the available evidence is that a relatively high content of replaceable 
Mg in soils is far less objectionable than a high content of Na; nevertheless, 
the replacement of Ca by Mg cannot be completely disregarded, and where 
this takes place concurrently with a substantial increase in replaceable Na, 
the net effect is likely to be decidedly unfavorable agronomically. 

DISCUSSION 

Reference has already been made to the fact that under field conditions 
the total concentration of the so-called soil solution is likely to exceed that of 
irrigation water applied. The degree to which this will be realized varies 
widely, depending on soil type and climatic conditions. Investigations to 
be reported later indicate that with relatively permeable soil, under California 
climatic conditions, tlie concentration of the salts in the soil moisture a few 
days after irrigation water has been applied is likely to become from three to 
six times that of the water applied. The foregoing results suggest that this 
increase in the concentration may be important for the reason that, as the 
concentration increases, the tendency is for the soil to acquire increased 
amounts of absorbed Na. Moreover, since the concentration of the soil 
moisture continues to increase as evaporation and transpiration proceed, the 
concentration of the thin films of moisture remaining in the soil when it 
approaches the wilting point may be ten or more times that of the water 
applied. It is to be borne in mind, however, that upon applying irrigation 
water anew the tendency will be for the divalent cations of the water applied 
to replace some of the Na that has been previously absorbed from the more 
concentrated soil solutions, especially in the surface horizon. 

An additional factor must also be considered, namely, the kind of anions 
in the irrigation water; for example, if the soluble anion of the soil, whether 
native thereto or resulting from irrigation water, is entirely Cl”, the concen- 
trating effect resulting from evaporation and transpiration probably will not 
alter the ratio of Na to Ca in the liquid phase of the soil. On the other hand, 
if the irrigation water contains a substantial amount of HCOs", which is 
commonly the case, or HCOi is formed in the soil biologically, evaporation 
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may produce substantial alteration in the ratio of Na to Ca in the solution 
phase of the soil, because of the precipitation of CaCOs. Sulfate waters 
tend to act in a similar way because of the relatively low solubility of CaS 04 . 
Therefore, the ratio of Na to Ca in the films of moisture which undergo dis- 
placement downward, either when irrigation water is applied or rains fall, is 
likely to be considerably wider than that of the water applied. 

In view pf these facts, it is probable that the ratio of Na to (Ca + Mg) in 
an irrigation supply should not exceed approximately 1:1. It is interesting 
to note that Scofield and Headley (5) and Eaton (1) have drawn a similar 
conclusion on the basis of field observations. 

It remains to be noted that the nature of the anions of irrigation water is 
important for reasons additional to those already mentioned. The reference 
here is to the direct effect of anions on crop growth. It is well established 
that certain anions, BOi for example, are extremely toxic to crops. COf 
is also comparatively toxic, partly because of its effect on the pH of the soil. 
The concentration of Cl~ and of SOl may also become so high as to be dis- 
tinctly toxic. Since the toxic effects of all these anions is much enhanced by 
increasing their concentration, and since the normal processes of soils result 
in the production of a soil solution concentration considerably greater than 
that of the irrigation water applied, the total concentration and specific kinds 
of anions in irrigation supplies are matters of primary importance. 

SUMMARY 

The dissolved salines of irrigation water are agriculturally important for 
two reasons, namely, because of their effect on the concentration and composi- 
tion of the soil solution, and their effect on the absorbed bases of the soil. 
With a given irrigation water, the former is greatly influenced, and the latter 
to some extent, by the inherent properties of the soil, its permeability and 
profile characteristics, the climatic conditions, and the amount of the water 
applied. Since soils differ widely in regard to these points, and since different 
crops differ in their sensitivity to salines, no hard and fast line can be laid 
down as to permissible salinity of irrigation water. 

Sodium salt solutions react with soils by base exchange with resulting 
absorption of Na by the soil. This effect increases with increasing concentra- 
tion of the solution and also as the ratio of Na:Ca increases. The presence 
of absorbed Na in soils tends to affect their physical properties adversely. 

The ratio of Na to Ca in the solution has relatively great influence on the 
absorption of Na. If this ratio is not greater than 2 to 1, very little Na will 
be absorbed, but as this ratio exceeds 2 to 1 the absorption of Na tends to 
increase proportionately, 

^ The kind of base held by the soil in replaceable form influences the absorp- 
tion of Na. If the soil is Ca saturated, less Na will be absorbed from a given 
solution than if it is Mg saturated. If Mg constitutes a relatively high per- 
centage of the total replaceable bases of the soil, relatively much Na will be 
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absorbed. The Na of a solution of a given concentration, in which Ca is the 
only divalent base present, will be absorbed by a soil to less extent than if a 
substantial part of the divalent base is Mg. These facts follow from the dif- 
ferential replacing power of these bases. 

Other conditions being equal, less Na will be absorbed by calcareous than 
by noncalcareous soils, because CaCOs tends to yield to the solution Ca ions, 
which in turn repress the absorption of Na. 

Despite the fact that very little Na is absorbed from saline solutions in which 
the ratio of Na: Ca is not greater than 2: 1, it does not follow that the applica- 
tion of a comparatively dilute saline irrigation water containing Na and Ca + 
Mg in the ratio of 2: 1 will have no deleterious effect on the soil The reason 
why this is true is twofold: first, the concentration of the salts in the soil 
moisture is sure to exceed that of the water applied; second, the ratio of Na 
to divalent bases in the resulting soil moisture is likely, because of the precipi- 
tation of Ca salts and the absorption of Ca by crops, to become considerably 
greater than that of the water applied. For these reasons it is suggested that 
the ratio of Na to Ca + Mg should not exceed about 1:1, but this conclusion 
should not be interpreted too rigorously because of the very great influence of 
total concentration and of different anions. With very dilute irrigation water 
it is probable that this ratio may safely be somewhat greater than 1:1. 
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In previous papers (4, 5) a theoretical analysis of the interrelationships of 
the amphoteric points of soils was given for the case (a) that the cations of 
the added salt solution are more strongly adsorbed than the anions, and 
vice versa, and (b) that the acidoid equivalence of the soil is greater than 
the basoid equivalence, and vice versa. In this paper we present the results 
of a study of the relationship of the mass law, as expressed in the form of the 
Donnan equilibrium, to the equi-ionic point and the point of exchange neu- 
trality and to the effect of salts on the pH of soils. 

We shall begin with a definition of the amphoteric points, followed by an 
experimental illustration. 

THE AMPHOTERIC POINTS 

The equi-ionic point is defined as that pH of a salt solution which is not affected 
by the addition of the completely unsaturated soil (free acid-base ampholytoid) , 
It represents the pH at which the capacities of the soil to combine with the 
anions and the cations of the solution are equal. 

The pH of exchange neutrality is that point at which the addition of a neutral 
salt to a soil suspension does not aff ect the pH of the latter . It represents the 
pH at which the increments, produced by the salt, in the capacities of the 
soil to combine with the anions and the cations of the solution are equal. 

The relationship in the case of a certain soil is brought out in figure 76. 
The curves were obtained by titratuig the electrodialyzed material from 
the Haggbygget podzol B2 horizon by NaOH and H2SO4 in water and in the 
presence of N Na 2 S 04 . In addition to the soH curves, the curve obtained 
by titrating the strong acid by the strong base (the solution curve) has also 
been plotted. 

We note that each of the soil curves intersects the solution curve. The 
point of Mitersection represents that pH of the solution which is unaffected by 
the addition of the soiL Below this point the soil causes an increase in the pH 
of the solution; above, it causes a decrease in the pH. Since the soil was in 
the electrodialyzed, free acidoid-basoid condition, it follows that it binds acid 
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as well as base and that at the point of intersection with the solution curve 
the soil binds an equivalent quantity of acid and base (anions and cations). 

This point, which was originally defined as the pH of exchange neutrality, 
we now define as the equi-ionic point, thereby signifying that the soil at this 
pH binds equivalent quantities of anions and cations. 

The point of intersection of the soil curves, we define as the point of 
exchange neutrality, since it represents that pH of a soil suspension which is 
unafected by the addition of the salt. At this point the soil is exchange-neutral 
in its reaction toward the salt. 

Before we take up the complicated problem of the relationship of the mass 
law to the amphoteric points of soils, we shall find it helpful to make a more 
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Fig. 76. Tiirahon of the HSggbygget Podzol (B^) by NaOH and H^SO. in Water and 

IN iV Na8S04 

10 gm. soa in 20 cc. (£„ and £, = equi-ionic points, £„ = point of exchange neutrality) 

detailed study of these points themselves by placing the problem on an ex- 
perimental basis analogous to the theoretical treatment. 

^ The titration curves in figure 76 show only the net capacity of the soil to 
bind base and acid (x - y). The individual or ahsolute capacities of the 
acidoid groups to bind base (a:) and of the basoid groups to bind acid (y) 
are not shown. In the Mowing experiment, both of these series of values 
have been determmed by shaking the soil (Haggbygget B, sample) in ap- 
proximately 0.002 and 0.2 N (NEb),S04 in two series, in which the pH was 
varied by the addition of NH4OH and H2SO4. 

The dilute series contained 10 gm. sod and 1.962 m.e. (^4)2804 in a total 
volume of 1000 cc. solution, and the concentrated series contained 100 gm. 
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soil and 19.742 m.e. (NH 4 ) 2 S 04 in a total volume of 100 cc. solution. The 
proportion of soil to salt was, therefore, about the same in both series, the 
only difference being that the dilution was 100 times greater in the diluted 
series. The suspensions were shaken 18 hours the first day and 2 hours the 
second and third days and then were filtered through a 00 Berzelius filter 
paper under conditions which prevented evaporation. Though the concen- 
trated suspensions would not yield a clear filtrate above a pH of 6 , we suc- 
ceeded fairly well in covering the amphoteric range of the soil. The pH was 
determined by the quinhydrone method, the NH 3 by distillation, and the 
SO4 as BaS04. The results are shown in table 152. 

If we plot, against the pH, the adsorbed quantities x and x' of NH4OH 
in the dilute and concentrated series respectively and the adsorbed quantities 
y and y' of H2SO4 in the corresponding series we get the four unbroken curves 
in figure 77. These curves show the absolute amounts of acid and base ad- 
sorbed by the soil at different pH values. If we then plot the x — y and x' — y' 
values given in the last column of the table we obtain the broken curves in the 
figure. These curves correspond to the titration curves in figure 76 and 
express the net amount of adsorbed acid (negative values) and base (positive 
values). The titration curves in figure 76 differ, however, from the x — y 
curves in figure 77 in that the former express the free acid and base in addi- 
tion to the adsorbed, that is, they express the buffer effect of the whole system. 
The titration curve may be said to represent the sum of the a; — y curve and 
the solution curve in figure 76. 

The equi-ionic points, * — y = 0 (dilute series) and — y' = 0 (concentrated 
series), are designated by jEs and respectively. The equi-ionic point in 
the dilute solution is at pH 4.60, and in the concentrated solution at about 
4.20. This downward deflection of the equi-ionic point is due to a greater 
equivalence of acidoid than of basoid groups in the soil. 

It must, however, be pointed out that, at low pH, the combination between 
the basoid group and the H2SO4 is greater than is indicated by the adsorption. 
This is due to the cationic solvation of the ionized basoid groups which carries 
the adsorbed SO4 ion back into solution. In the dilute series this solvation 
attained such proportions at a pH below 3.5 as to show a decrease in the amount 
of SO4 ions adsorbed. This does not manifest itself in the concentrated series, 
within the range covered, because the high concentration of the divalent SO4 
ions keeps the cationic complex in the gel condition, just as Ca ions would 
keep the anionic complex in the coagulated condition at a pH above the 
equi-ionic point. A similar apparent decrease in the adsorption would be 
observed at a high pH in the case of the NH4 ion, which here is carried back 
into solution through the anionic solvation of the ionized acidoid groups. 

It is interesting to compare the saturation of the soil at the equi-ionic 
points of the two series. At the equi-ionic point in the dilute solution (£,) 
the saturation is 0.4 m.e. acid and base per 100 gm. soil, whereas it is about 
4.20 m.e., or more than ten times as great, at the equi-ionic point in the 


112 


SANTE MATTSON AND LAMBERT WIKLANDER 


concentrated solution {£,-). The latter value is over 50 per cent of the 
capacity of the soil to bind NH 4 at pH 7.0 in the dilute solution, which amounts 
to about 7.75 m.e. per 100 gm. The results show how greatly the adsorption 
of anions and cations can overlap. 

Figure 77 makes the relationship between the equi-ionic points (E^ and 
E,') and the point of exchange neutrality (£*) very clear. Suppose that 
the soE is at the equi-ionic point in the dilute solution (at E,). The pH is 
4.6, and the soil has adsorbed 0.4 m.e. acid and base (x — y — 0.4). Suppose 
then that the concentration is made equal to that of the concentrated solution 
by the addition of salt. What will happen? At pH 4 . 6 , in the concentrated 



Fig. 77. Adsorption of NH 4 and SO4 Ions from 0.002 N (x and y) and 0.2 N (»' .and /) 
Solutions of (NH4)jS04 by the B2 Haggbygget Podzol 
(Cf. table 152 and fig. 76) 

solution, the soil binds a/ = 5.5 m.e. base and y' = 3.1 m.e. acid or 2.4 m.e. 
more base than acid (or cations than anions). The obvious result is an 
exchange acidity. But the capacity to bind acid increases with a lowering 
of the pH, whereas the capacity to bind base decreases. If, therefore, we 
lower the pH of the dEute system by the addition of acid we shall eventually 
reach a point at which the addition of salt causes the same increment ixi the 
anion and cation adsorption and at which the soE, therefore, is exchange- 
neutral in reaction. This will happen at the pH where 
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and is represented in figure 77 by the intersection of the x — y and — y 
curves. At the point (pH about 3.85) x' = 3.7, = 0, / = 5.2, and y 

= 1.5 (approximate, interpolated values) and 

(3.7 - 0) - (5.2 - 1.5) = 0. 

A little reflection will show that whenever the cations are more extensively 
adsorbed than the anions, that is, when the equi-ionic point in the more 

TABLE 152 

Adsorption of NHa and SO4 ions fro7n dilute and concentrated solutions of (NHi)2S04 by the 

B2 Sdggbygget podzol 


A. Dilute series (10 gm. soil, 1.962 m.e. (NH 4 ) 2 S 04 , 1000 cc. solution) 


NUMBER 

pH 

ADDED M.E./IO GM. 

ADSORBED M.E./lOO GM. 


NH4OH 

H2SO1 

NH4OH 

{X) 

H2SO4 

iy) 

X y 

1 

3.27 


3.00 


1.21 

-1.21 

2 

3.53 


2.00 


1.47 

-1.47 

3 

3.89 


1.00 


1.36 

-1.36 

4 

4.17 


0.50 


1.03 

-1.03 

5 

4.81 


.... 

0.52 

0.10 

0.42 

6 

5.43 

0.213 


1.21 


1.21 

7 

5.84 

0.426 


2.57 



2.57 

8 

6.55 

0.852 


5.41 


5.41 

9 

7.67 

1.704 

.... 

11.10 


11.10 

B. Concentrated series (100 gm. soil, 19.742 

m.e. (NH 4 ) 2 S 04 , 100 cc. solution) 

NUMBER 

pH 

ADDED M.E./lOO GM. 

ADSORBED M.E./lOO GM. 


NHdOH 

H2SO4 

NH4OH 

(*') 

H2SO4 

(yO 

— y' 

1 

3.24 


20.20 

2.351 

8.382 

-6.031 

2 

3.41 


14.14 

2.732 

7.332 

-4.600 

3 

3.63 


8.00 

3.100 

6.372 

-3.272 

4 

3.73 


6.00 

3.562 

5.782 

-2.220 

5 

3.87 


4.00 

3.723 

5.242 

-1.519 

6 

4.15 


1.00 

4.156 

4.612 

-0.456 

7 

4.35 



4.498 

3.712 

0.786 

8 

4.99 

4.258 


6.610 

2.102 

4.508 

9 

5.69 

8.515 


8.820 

0.742 

8.078 


concentrated solution lies below the equi-ionic point in the dilute solution, 
then the point of exchange neutrality will be on the acid side of the equh 
ionic points. Suppose that the pH of the dilute system were adjusted to 
the equi-ionic point of the concentrated system, i.e., to pH 4.2. The soil 
would bind 1 m.e. acid but no base (y = 1, % = 0) . Now let the concentration 
be increased to the higher value by the addition of the salt. At pH 4.2 the 
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soli would now bind 4.20 m.e. acid and 4.20 m.e. base (y^ — 4.20, -» 4.20). 

But having already adsorbed 1 m.e. of the previously added acid it would 
only adsorb an increment of 3.20 m.e. of the anions to 4,20 m.e. of the cations 
of the salt. The salt would, even here, produce an exchange acidity. It is 
not until we get down to a pH of 3.85 (&) that the soil will adsorb (in exchange 
for its OH and H ions) an equal number of the anions and cations of the added 
salt. 

The same reasoning applied to the case where the anions of the added 
salt are more extensively adsorbed than the cations will show that the point 
of exchange neutrality will then lie above the equi-ionic points. 

THE DONNAN EQUILIBRIUM 

In our previous papers we have assumed that the saloids are incompletely 
dissociated, that the Ca-saloid is less dissociated than the Na-saloid and so 
forth. The charge, the power to imbibe water, and other colloidal properties 
point that way. But it is also possible that the saloids, like most of the 
salts, are completely dissociated. It seems probable that monovalent groups 
on the surface of the acidoid are so far apart that a complete association with 
a divalent cation is impossible. Thus the phosphate-bound Ca in a phosphoric 
acidoid (Fe- and Al-phosphates) is easily displaced by the alkali cations (6). 

Yet, because of their very nature, the saloids may, in effect ^ be incompletely 
dissociated, inasmuch as the micellar ions are within the range of attraction 
of the colloidal ion-complex. The interionic attraction must markedly reduce 
the activity coefficient (/) of the ions, and this means a low activity {fc) in 
proportion to the concentration (c). The divalent ions, which may be assumed 
to be held nearer the surface than the monovalent ions, would therefore suffer 
the greatest reduction in their activity. The lower the activity of an ion in 
the micellar solution, the greater will be the displacing power of that ion 
when added to the system. 

Such a partial dissociation of all the ions would equally well serve to account 
for the variations in the apparent dissociation constants of the acidoid and 
basoid groups and for the position of the amphoteric points of soils in dif- 
ferent salt solutions. An application of the mass law would lead to the same 
results as in the case of our previous assumption of a limited dissociation, 
provided that we substitute the activity in place of concentration. 

But even on the basis of a complete dissociation of the saloids, we can, by 
an application of the mass law in the form of the Donnan equilibrium to the 
distribution of the free ions of the system — an application which has led to 
some very significant and interesting results — , account in a general way for 
the phenomena here studied. 

The application of the Donnan equilibrium to the study of cation exchange 
in soils has been made by Terasvuori (9) and MoUer (7). Valuable and 
interesting as this work is, it can hardly be considered to have passed the 
qualitative stage. Du Rietz (1), who used a lignosulfonic acidoid (a strong, 
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completely dissociated acidoid), has been able to place the problem on a 
quantitative basis and thus contribute greatly to its solution. The results 
obtained by these workers leave no doubt that the classical mass law in its 
modern formulation can be applied even in the case of so complex a material 
as the soil. In the following discussion, therefore, we shall apply the Donnan 
equilibrium to the amphoteric reactions of soils in order to show what con- 
sequences may be drawn and what conclusions may be reached. 

We are aware of the fact that an application of the Donnan equilibrium 
to amphoteric colloids is extremely complicated, and we admit that it might 
seem difficult to understand how an amphoteric soil, which at the equi-ionic 
point binds large quantities of anions and cations, can possess an electro- 
statically attracted swarm of free ions of opposite sign of charge. Wh}^ do 
not these ions, pairwise, distribute themselves equally throughout the system, 
since the colloidal ions would compensate each other like amphoteric “Zwit- 
terionen’? But the acidoid and basoid ions may be too far apart to exert 
any appreciable interionic attraction. In this case these ions will attract 
the diffusible ions of opposite sign of charge and thus form an ^^amphoteric” 
ion atmosphere within which the anions and cations alternately dominate 
from point to point. The soil particle may also consist of a mosaic of acidoid 
and basoid clusters outside which ‘^clouds” of cations (over the acidoid 
areas) and of anions (over the basoid areas) would gather. This would be 
the case especially in the more heterogenous, less intimate mixtures of acidoids 
and basoids. 

In the following discussion we shall assume that the amphoteric soil particle 
possesses, at and near the equi-ionic point, swarms of dissociated anions 
and cations. 

The ions which swarm around the particles show no selectivity toward 
the colloidal ion as in the formation of a crystal lattice or a slightly dissoci- 
ated compound. Any other ion of the same sign of charge wiU compensate 
the colloidal ion equally well and will, therefore, when it comes near the 
surface, allow the ion originally dissociated by the colloid to diffuse away. 
Within the micellar solution there is no difference between the ions ^Telonging’’ 
to a salt present in the system and the ions “belonging^’ to the colloidal ions. 
The micellar solution merely contains an excess of ions of opposite sign of 
charge to that of the colloidal ions. The concentration of the micellar solu- 
tion (which contains the swarm ions together with the ions of the free electro- 
lyte) is always greater than that of the outside solution, but the two con- 
centrations become almost equal at high concentrations. The composition 
of the micellar solution will depend upon the composition of the outside solu- 
tion because there is a continual exchange of ions according to the mass law. 
For monovalent ions this exchange may be formulated as follows: 
for an acidoid 

(H+)i + (Na+)o?:± (Na+), + (H+). (A) 
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and for a basoid 


(0H~), + (Cl-)o ^ (Cl“). + (OH”)o (B) 


where the parenthesis stands for the ion activity and i and o signify that the 


ion is in the inside and the outside solution respectively. 

The Donnan equilibrium then gives: 
for the acidoid 



(H+)i . (Na+)„ ^ 

(H+). . (Na+).- 

(C) 

and for the basoid 

(OH-)^ . (CD. 

(OH-). . (Cl-).- 

(D) 


When the H and OH ions are displaced by divalent ions the corresponding 
equations become: 


2 ( H +).- + (Cb:^)o 

2 (OH-), + (SOr)o 


(Ca-H-), + 2 (H-^), 

(SOr), + 2 (OH-), 


from which the corresponding Donnan expressions assume the following 
forms: 


(OH-)| . (SODo 
(OHi: . (SOD.- 


K 


= K 


The Donnan distribution of the ions between the micellar and the outside 
solution may also be expressed as follows: 
for the acidoid 


(H+).- ^ (Na+), 
(H+), (Na+)„ 


ViCa.++)i 

V(C&++)o 


and for the basoid 


(OH~). - _ (cr)i _ V (507)4 
(OH-). (CD. 


In studying the distribution of the ions of the free electrolyte between 
bentonite gel and the outside solution the following equations were used 
by Mattson (2, 3): 


= y(y + z) 
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when all the ions are monovalent, e.g., Na~saturated bentonite in a NaCl 
solution; and 

= y^{y + z) (L) 

when the cation is divalent, e.g., Ca-saturated bentonite in a CaCl2 solution. 

Here x is the activity of the anions and cations of the free salt in the outside 
solution, y their activity in the micellar solution, and z the activity in the 
miceUar solution of the cation dissociated by the acidoid. 

In terms of Xj y , and s, equation (I) becomes 

jNa + gNa _ V ^Ca + ^Ca 
^Na •%/ Xcsi 

In equations (J) and (/) the divalent ions enter as the square root of their 
activity. This means that a dilution, which affects the outside solution much 
more than the inside, will favor the entrance of the divalent and the outgo of 
the monovalent ions. That is, the relative displacing power of divalent ions 
will be greatly enhanced in dilute solutions, whereas in high concentrations the 
displacing power of the two ions should be more nearly balanced, provided the 
different saloids are completely or equally dissociated. It is the application 
of this law to the amphoteric behavior of soils which is the object of our present 
investigation. 

It should perhaps be pointed out that the far greater displacing power of the 
H (and OH) ions in no way invalidates the application of this law. Whatever 
our views on the soil saloids might be, it seems certain that the soil acidoids 
(and basoids) are dissociated to a limited extent. A low dissociation means a 
low activity in the micellar solution; and the lower this activity, the greater 
will be the displacing power of the H ions, because a correspondingly low 
activity in the outside solution wiU satisfy the relationship in equation (/). 
The free H ions are distributed according to the Donnan equilibrium similarly 

^ Because of a confusion of terms Mattson (2) disregarded the valence when calculating 
the Bonnan potential and erroneously concluded that the results in table 10 of this series 
were in agreement with the theory. In this experiment the ratios of ic/y were about the 
same for the Cl and the SO4 ions (which were both present) although x was in excess of y 
by a little over 0.011 in a total concentration of about one-half normal. This is, as Schofield 
(8) points out, '*a serious discrepancy ... in the one case where an internal check can be 
made.” 

The intention is here merely to correct an erroneous conclusion, but it should also be 
pointed out that it is undoubtedly wrong to use so high concentrations in a study of the 
Donnan equilibrium. It is therefore not so surprising that the x/y ratios were the same for 
the two ions as that there should be any appreciable difference in the values of x and y. 
Or, is the “negative adsorption” due to two different causes: (a) to the fact that the “unfree” 
water does not act as solvent (in which case the valence would have no influence) and (b) 
to the Donnan distribution? Wiegner observed no negative adsorption when working on 
the basis of air-dry material. We hope to repeat the experiment in table 10 in dilute solu- 
tions and once more try to gain some definite information concerning this very important 
problem.:' ■ 
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The same applies to the OH ions of the soil basoids, which are even weaker 
than the soil acidoids. 

From the fact (a) that a soil simultaneously adsorbs large quantities of 
anions and cations at the equi-ionic point in the presence of a neutral salt, and 
from the fact (b) that in dilute solutions the divalent anions and cations dis- 
place the OH and H ions of the soil much more strongly than do the mono- 
valent anions and cations, whereas in stronger solutions the displacing power 
of the ions is more nearly balanced, we are led to very significant conclusions. 

If to an unsaturated soil, whose acidoid and basoid groups are present in 
equivalent proportion, we add increasing concentrations of a neutral salt 
solution containing a divalent cation and a monovalent anion, e.g., CaCl2, we 
ought to get the following results: 

In low concentrations the number of H ions displaced by the Ca ions will 
be considerably greater than the number of OH ions displaced by the Cl ions. 
In higher concentrations the two reactions will more nearly balance each other. 
The exchange acidity must therefore attain a maximum in dilute solutions and 
then decrease in higher concentrations.^ 

If we add a solution containing a divalent anion and a monovalent cation, 
e.g., Na2S04, we ought to get a maximum exchange alkalinity in dilute solution. 

To test this theory we selected a sample from the B horizon of an iron podzol 
(from Furudal, Dalarna), which had the same pH in water and in 0.01 N NaCl 
solution. We took this as an indication of an equivalence between the acidoid 
and basoid groups. The pH was determined by the glass electrode in water 
and in various concentrations of Na2S04 up to 2.0 N, The results, given in 
figure 78, show that a concentration of 0.02 N gave a maximum exchange 
alkalinity equal to 0.52 pH unit whereas a 100 times stronger solution gave a 
pH only 0.24 unit higher than that in water. 

Determinations of the pH of various soils in water and in 0.01 N and N 
Na2S04 gave the highest values in the N solution when the basoid group 
dominated (lateritic subsoils) and in the 0.01 N solution when the equivalence 

2 A disturbing factor, especially when the acidoid content is high and the exchange acidity 
great, will be the dissolution of the basoid-bound Cl ions in the form of AICI3, which by 
hydrolysis gives HCL Since this solution of A1 (and Fe) is greater at a given pH the higher 
the concentration of salt, it is clear that the exchange acidity, which thus comes from two 
sources, will be enhanced in the concentrated solution. To the extent that this dissolution 
takes place, the exchange alkalinity resulting from a displacement of OH ions will be neu- 
tralized, and this will partly or completely obscure the valence effect as above postulated 
according to the Donnan equilibrium. This applies to all the neutral salts, but the effect 
will be smaller for salts of divalent anions and monovalent cations because of a higher pH 
and the coagulating effect of the divalent anions on the cationic sol complex. 


to the other monovalent ions, but their great displacing power is governed by 
the equilibrium: 


(H-Acidoid) 


(Acidoid)" 


+ (H+), 
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between acidoids and basoids seemed to be balanced (iateritic surface soil and 
iron podzol samples from the B horizon). An excess of acidoids over basoids 
always resulted in an exchange acidity in both salt solutions (humus soils and 
gray soils). A little reflection will show that this is all in agreement with the 
theory. But the relationships are very complicated and will be more easily 
comprehended if we construct some theoretical curves analogous to the experi- 
mental curves in figure 77. 

Knowing neither the activities nor the concentrations of the ions in the 
micellar solution and knowing of no reliable method by which they may be 
determined in so complex systems as soils, we shall not attempt a quantitative 
application of the foregoing equations in order to find how the experimental 
results fit the theory. But we can make a qualitative application of the mass 
law to an amphoteric soil in at least two different ways. We can construct 


pH 


SM 





“3 -2 -/ O tf 
Ch/7c. 

Fig. 78 . The pH of the Fueudal Soil in Water and in Solutions of Various Con- 
centrations OF Na2S04 


titration (dissociation) curves which are based on apparent acid and base disso- 
ciation constants assumed in accordance with the valence effect in the Donnan 
equilibrium and we can calculate this equilibrium on the basis of various 
assumed activities in the inside and outside solutions. 

The more strongly an ion displaces the H ions of a soil acidoid, the stronger 
will be the apparent dissociation constant of the acidoid and the greater will 
be the capacity of the soil to bind base at a given pH. The same applies to 
the basoids. Now it follows on the basis of the Donnan equation that, in low 
concentrations, divalent anions and cations must cause a much greater increase 
in the apparent basoid and acidoid dissociation constants than do the mono- 
valent ions, whereas in high concentrations the increase will be more nearly 
the same. 

That this is actually the case is shown in figures 79 and 80.® The soil here 

3 Taken from unpublished data by Mattson and Ekman. 
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used is from the same profile as that described in figures 76 and 77. It will be 
seen that 0.01 N CaCU causes a very much greater increase in the exchange 
acidity and in the capacity to bind base than does 0.01 N NaCl, whereas the 


HCL *-~m.e//oo A/a OH 

Fig. 79. Titration of the B 2 Haggbygget Podzol in Water and in 0.01, 0.1, and 1 N 


HCL < — m,e/iOQ i^aOH 

Fig. 80. Titration oe the B 2 Haggbygget Podzol in Water and in O.Oi, 0.1, and 1 N 

CaClg 


corresponding increments between 0.1 iV and N are greatest in the case of NaCl. 
We present these curves merely to justify the following assumptions made as a 
basis for the theoretical curves in figure 83, and therefore we shall not at this 
time discuss any other details in figures 79 and 80. 
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The question now arises: How will this valence difference, in various com- 
binations and concentrations of ions, affect the equi-ionic point and the point 
of exchange neutrality of the system? 

To illustrate this we will first consider a system containing 1 mol of an acidoid 
HsA and 1 mol of a basoid B(OH)3 whose apparent dissociation constants ha 


TABLE 153 

Theoretical ^‘neuiralization^^ of a system containing 1 mol of an acid H^A 
and 1 mol of a base B{OH)z 
Capacity to bind base (x) and acid (y) when: 


(H+) 

10-0 

10-1 

10-2 

10-3 

10-4 

10 -« 

10-6 

10-7 

10-8 

10-3 

10-10 

(OH-) 

10-14 

10-13 

10-12 

10-11 

10-10 

10-3 

10-8 

10-7 

10-6 

10“5 

10-4 


(A) ka^ = IXIO-S, ka^ - 1X10-7, ka^ ^ 1X10~% C = IM 






.01 

‘ .10 

.60 

1.5oj2.40 

2.90 


(B) - 1X10-1“, = lXiO-^\kb, = 1X10-12, c - IM 


y 

2.99 

2.90 

2.40! 

1.50 

.60 

. 10 : 

.01 




x—y 

-2.99 

-2.90 

-2.40 

-1.50 

-.59 

d = 0 | 

.59 

1.5oj2.40 

2.90 

2.99 


(AO - 1.78X10-6, - 1.78X10-7, = L78X10“6,c - IM 






.02 

.17 

.81j 

1.74 

2.58 

2.94 


(BO - 3.16X10"“, = 3.16X10-16,;^^ == 3.16X10-11, c « litf 


y 

3 . 0 o ! 

3.00 

2.97 

2.73 

1.97 

1.03 

.27 

.03 




1 

- 3 . 00 , 

- 3.00 

- 2.97 

- 2.73 

- 1.95 

-. 86 , 

.54 

1.71 

2.58 

2.94 

2.99 


(A'O = ixio-s;^, = 1X10-6, 

“l ®2 3 


= 1X10-6, c = IM 




.01 

.10 

.60 

1.50 

2.40 

2.90 

2.99 


3.00 3.00 


(B'O \ = 3.16X10-6, = 3.16X10-6, == 3.16X10-16, c IM 


y ' 

3.00 

3.00 

3.00 

2,97 

2.73 

1.97 

1.03 

.27 

.03 



a:"—/' 

- 3.00 

- 3.00 

- 2.99 

- 2.87 

- 2.13 

-.47 

1.37 

2.63 

2.96 

3.00 

3.00 

{x'-x)-{y’-y) 

-.01 

-.10 

-.57 

- 1.23 

- 1.36 

-.86 

-.05 

.21 

.18 

.04 


{x"-x)-{y"-y) 

-.01 

-.10 

-.59 

- 1.37 

- 1.54 

-.47 

.78 

1.13 

.56 

. 10 

.01 

ix"-x')-{y"-y') 



-.02 

-.14 

-.18 

.39 

.83 

.92 

.38 

'..06 

1 

.01 


and kh and whose capacities to bind base {xY and acid {yY respectively, when 
titrated in water, are as given under (A) and (B) in table 153. If instead of 


« ■ 


1 + 


m 

ka 


1 + 


(OH-) 

h 
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water we use a dilute solution of a salt of a divalent anion and a monovalent 
cation such as an alkali sulfate, the h values will increase considerably, whereas 
the ka values will be much less affected [cf. (A') and (BO table 153j. In a 
strong solution of the same salt both the h and the ka values will be greatly 
increased fcf. (A'O and (B'O table 153]. 

In terms of p^, the assumed values for the apparent dissociation constants 
in winter and in solutions of a neutral salt of the type are given in table 

153 A. 

By plotting the a: and y values against the pH we get the curves in figure 83. 
The first notable thing here is the fact that the equi-ionic point (rr “ y = 0) 
in the dilute solution Es> is not only above the equi-ionic point in water but 
is also above the equi-ionic point in the concentrated solution (Cf. the 
various values for x and y and x — yin the column under (H+) = 10"^ in table 
153.) A soil having the corresponding amphoteric properties would, in the 
completely unsaturated condition, yield a greater exchange alkalinity upon 
the addition of a smaller than a larger amount of the salt, exactly as we have 
shown in figure 78. 


TABLE 153 A 

Assumed pk values in water and in solutions of a neutral salt of the type 









In water 

6.0 

7.0 

8.0 

10.0 

11.0 

12.0 

In dilute solution 

5.75 : 

• . V 1 

6.75 

7.75 

8.5 

9.5 

10.5 

In concentrated solution 

4.0 j 

S.O 

6.0 

7.5 1 

8.5 

9.5 



From this we can make the further deduction that if the soil originally con- 
tained an amount of salt corresponding (when suspended in water) to that of 
the dilute solution and we then added salt to correspond to the concentrated 
solution we would find that the salt caused a lowering of the pH. If, however, 
we decided to leach the soil before determining the pH in water and in the 
solution we would find that the salt caused an elevation of the pH. In the 
first case we would find an exchange acidity and in the second an exchange 
alkalinity. 

The differences in the increments produced by the salt in the capacity of the 
system to bind base {%) and acid (y) are given in the last three rows of table 153. 
Where these differences are positive the addition of the salt produces an 
exchange acidity; where negative, an exchange alkalinity. The point of 
exchange neutrality is the pH where this difference equals zero and corresponds 
to the point of intersection of each pair of curves in figure 83. In changing 
from water to the dilute solution and from water to the concentrated solution 
the points of exchange neutrality. Ex' and Ex" respectively, are both on the 
alkaline side of the corresponding equi-ionic points in our assumed system. In 
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changing from the dilute to the concentrated solution the point of exchange 
neutrality occurs far down on the acid side. 



Fig. 83. Theoretical CAPAaxiES op a System Containing 1 Mol op an Acidoid HbA 
AND 1 Mol op a Basoid B(0H)3 to Bind Base and Acid in Water {x — y) and in a 
Dilute {x' — y') and in a Concentrated {x" — y") Solution op a Salt op the Type 
M'^2S“ when the Apparent Dissociation Constants Are as Given in Tables 153 
and 153 A 

Fig. 83 (Inverted). The Same when the Salt is op the Type M'‘"^S“2 and when the 
Apparent Values Are as Given in Table 153 B 

Interpolated, the various amphoteric points in table 153 and in figure 83 are 
approximately as follows: 



■Sw 



Ex' 

Ex" 

Ex" 

pH... 

5,0 

5.62 

5.27 

6.10 

5.37 

4.40 


This scattered position of the points of exchange neutrality will give rise to 
some peculiar and interesting phenomena. Suppose we have a soil possessing 
the assumed amphoteric properties and suppose that soil to be saturated with 
base to the extent that its pH lies between the points and A small 
amount of the salt would then cause an elevation of the pH, whereas a large 
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amount would cause a lowering of the pH—in the first case an exchange 
alkalinity, in the second an exchange acidity (and somewhere in between, an 
exchange neutrality). 

We can now study the influence on the aforementioned system of a salt of a 
divalent cation and a monovalent anion, such as an alkaline earth chloride, 
merely by turning figure 83 upside down and changing the x values to y values 
and (in table 153) the plus signs to minus signs, and vice versa. If the pH 
values are written as indicated in the inverted figure, the ha and hh values will 
be the same, but since the cation is now the ion which has the greatest effect 
in dilute solution the apparent increase in the constants will be shifted from 
the one to the other. In terms of p^, our values for the apparent dissociation 
constants in water and in solutions of a neutral salt of the type M’^Si will 
now, on the basis of the same assumptions, be those given in table 153 B. 

The amphoteric points, interpolated on the inverted figure, have the follow- 
ing approximate values: 



Ew 

Es' 

Es'f 

Ex' 

Ex" 

Ex'" 

pH 

5.0 

4.38 

4.73 

3.90 

4.63 

5.60 


The equi-ionic points in the salt solutions and in the points of exchange 
neutrality have now moved to the opposite side of pH 5,0 (= E^, The in- 


TABLE 153 B 

Assumed pk values in water and in solutions of a neutral salt of the type M'^S~2 





P ^03 

p^&i 

P^&2 

P^63 

In water 

6.0 

7,0 

8.0 

10.0 

11.0 

12.0 

In dilute solution 

4.5 

5.5 

6.5 

9.75 

10.75 

11.75 

In concentrated solution | 

3.5 

4.5 

5.5 ' 

8.0 i 

9.0 

10.0 



verted figure shows, therefore, why the addition of a neutral salt of the type 
M'^Si to an unsaturated soil, the amphoteric properties of which correspond 
to our theoretical system, must result in an exchange acidity, and why this 
acidity must be greater in a dilute than in a concentrated solution of the salt. 

We shall now see how changes in the proportions of acidoids to basoids affect 
the position of the amphoteric points in the different types of salt solutions 
when the various assumed constants remain the same as those in the system 
considered in the foregoing discussion. 

To do this we need two set of figures for each type of salt, one in which the 
ratio of acidoid to basoid is increased and one in which it is decreased. But 
since we can get the effect of one type of salt (e.g., M++Sl) by turning upside 
down the figures showing the effect of the other type of salt (e.g., M+sS"*), 
we can get along with two sets and shall confine ourselves to two figures in each 
set which, together with figure 83, give us a series of five ratios. 
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Figures 81, 82, 83, 84, and 85 show the capacities to bind acid and base when 
the ratios of basoid: acidoid are 0.2:1, 0.5: 1, 1:1, 1:0.5, and 1:0.2 respectively, 
(a) in the upright position when the p^ values are as shown in table 153 A, in 
water “ y) and in a dilute (. 1 :' — y') and in a concentrated — y'O solution 
of a neutral salt of the type M+ 2 S"", and (b) in the inverted position when the 
pA values are as shown in table 153 B, when the neutral salt is of the type 
M-H-S-i. 

The relationships brought out in the figures will be more easily seen if we put 
all the amphoteric points together as in table 154. 

TABLE 154 


The various amphoteric points in figures 81-85 {approximate interpolated pH values) 
A. Upright position of figures, values as in table 153 A 
Neutral salt of the type 


PIG. 

basoid: 

ACIDOID 

Etto j 


! Es'* 

Ex' 

Ex" 

Ex'" 

Ew"— Es'* 

Ew — Es"* 

Ea' Es"* 

00 

0.2:1 

4.67 

5.05 

3.97 

5.40 

3.78 

None 

-.38 

.70 

1.08 

82 

0.5:1 

4.93 

5.42 

4.64 

5.82 

4.58 

3.25 

-.49 

.29 

.78 

83 

1:1 

5.00 ! 

5.62 

5.27 1 

6.10 

5.37 

4.40 

-.62 

-.27 

.35 

84 

1:0.5 

5.17 

5.85 

5.87 

6.53 

6.12 

5.92 

-.68 

-.70 

-.02 

85 

1:0.2 

5.40 

6.25 1 

6.55 

7.00 

7.10 

7.10 

-.85 

-1.15 

-.30 


B. Inverted position of figures, p^ values as in table 153 B 
Neutral salt of the type 


PIG. 

basoid: 

ACIDOID 

Ew 

Ea' 

Ea" 

Ex' 

Ex" 

Ex'" 

Ew — Ea' 

Ew Eg" 

Es' — Eg' 

81 

1:0.2 

5.33 

4.95 

6.03 

4.60 

6.22 

None 

.38 

-.70 

-1.08 

82 

1:0.5 

5.07 

4.58 

5.36 

4.18 

5.42 

6.75 

.49 

-.29 

-.78 

S3 

1:1 

5.00 

4.38 

4.73 

3.90 

4.63 

5.60 

.62 

.27 

-.35 

84 

0.5:1 

4.83 

4.15 

4.13 

3.47 

6.12 

4.08 

.68 

.70 

.02 

85 

0.2:1 

4.60 

3.75 

3.45 

3.00 

2.90 

2.90 

.85 

1.15 

.30 


* Negative values — exchange alkalinity. Positive values = exchange acidity. 


The values in the Ey, — Es> column, table 154, are all negative under A and 
positive under B. This means that in the unsaturated systems the salt M+ 2 S"" 
would, in dilute solution, always give rise to an exchange alkalinity whereas 
the salt M'^S ”2 would, in dilute solution, always yield an exchange acidity. 
This shows that, as the theory demands, the valence efect dominates in dilute 
solutions. 

The values in the E^ — Es^ column change from positive to negative (from 
exchange acidity to exchange alkalinity) as the proportion of the basoid group 
increases and the acidoid group decreases, and vice versa, in the case of both 
types of salt. In concentrated solutions the ratio of acidoids to basoids must 
therefore be expected to dominate over the valence effect. 

In figure 86 we have made an attempt to show the relationship graphically. 
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It might seem absurd to plot curves on the basis of so indefinite quantities as 
“dilute” and “concentrated” solutions, but since we actually do obtain similar 
curves experimentally and since the figure does bring out the general theoretical 
relationship when the variables are as above assumed, we find the procedure 
justified, inasmuch as the curves will give a much better picture than words 
and tables. 



Fig. 86. Exchange Alkalinity and Exchange Acidity of the Various Systems 
Described in Tables 153-154 and in Figures 81-85 when Acted upon by ‘^Dilute’’ 
AND “Concentrated’’ Solutions oe Salts op the Types M+2S“ and M^+S^a 

Figure 86 shows that {a) when the group which is acted upon hy the divalent ions 
is in great excess, the deflection of the pH should be greater in a concentrated than 
in a dilute solution (cf. uppermost and lowest curves in fig. 86; cf. also fig. 85) ; 
{h) when the proportion of the acidoid and hasoid groups are more balanced the 
dilute solution should produce the greatest effect (cf. 1:1 ratio curves in fig. 86; 
cf. also fig. 83); awd (c) when the group which is acted upon by the monovalent 
ions is in great excess the dilute and the concentrated solutions may cause an 
opposite deflection of the pH (cf. figs. 81 and 82). 

A study of figures 81-85 will show that if a soil which contains a higher pro- 
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portion of acidoids than basoids is saturated to a certain extent with bases j it 
will give the “regular’’ type of exchange reaction. No matter which salt we 
use, we will get an exchange acidity, and this acidity will increase with increas- 
ing concentration. The phenomena here discussed must therefore be studied 
on completely unsaturated soils, and preferably on soils having high equi-ionic 
points, in order to avoid the disturbing effect of the dissolution of A1 and Fe 
already alluded to. 

The foregoing application of the theory illustrates the relationship between 
the valence effect in the Donnan equilibrium and the ratio of acidoids to 
basoids in the colloidal complex. We have been discussing this relationship in 
terms of “dilute” and “concentrated” solutions, but we have said nothing 
about the degree of dilution or concentration at which the valence effect will 
become most pronounced. We have said that a dilution favors the entrance 
of the divalent ions and the outgo of the monovalent ions. But the valence 
effect operates in the inside as well as in the outside solution. Why then does 
a dilution favor the entrance of the divalent ions? The question might seem 
unnecessary, but we are asking it because the answer will pave the approach 
to the next problem. 

When we dilute the system we dilute the outside solution much more than 
the inside solution because . 1 ? and y in equation (M) (not to be confused with 
% and y in the tables and figures in this paper) are reduced virtually in propor- 
tion to the dilution, whereas z remains unchanged. It is because the outside 
solution becomes relatively diluted that the equilibrium is deflected toward a 
greater entrance of divalent ions. The factors which govern this relative 
dilution are {a) the concentration of acidoids and basoids and {h) the con- 
centration of the ions dissociated by the colloid. The concentration of the 
displaced ions in the outside solution as compared to the concentration of the 
inside solution will be lower {a) the lower the concentration of the colloid (in 
terms of acidoids and basoids) and {b) the greater the concentration of the 
dissociated ions. The more dilute the suspension of a soil and the higher the 
value of 2 ;, the lower must be the concentration at which the valence effect will 
be most pronounced and the lower, therefore, the concentration at which 
maxima in exchange acidity and exchange alkalinity will occur. 

The approximate relationship is brought out in table 155 and in figure 87. 
The calculated concentrations (activities) are approximations in so far as we 
have put the inside concentration equal to a constant (= s) and ignored the 
concentration of the free electrolyte (= y in formula M). This does not 
involve any serious error as long as the values of x and y are small compared to 

but where the outside concentration {x) approaches that of the inside (y + z), 
as in II a, table 155 and figure 87, the results become misleading. With this 
exception the results are sufficiently accurate to bring out the true relation- 
ship. 

The calculations apply to an unsaturated amphoteric soil of which the 
acidoid/basoid ratio = 1 and which is assumed to be present in the concen- 
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3 ^ / 0 / 77 . e. 


Fig. 87. The Maxima in Exchange Alkalinity and Exchange Acidity in Solutions oe 
Salts oe the Types and as Related to the Concentration oe Colloid 

(a, b, AND c) AND to THE CONCENTRATION (s) OE THE lONS DISSOCIATED BY THE COLLOID 
(I AND II) AS Based on Table 155 
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TABLE 155 

Approximate theoretical displacement of H and OH ions at various concentrations of an un-- 
sattirated soil {acidoid = hasoid — 100^ (b) 10 ^ and (c) 1 m.e. per liter] by neutral salts 

of the type and MtS^ when the activity (z) of the ions dissociated by the colloid is 

(/) IN and (II) OJN [cf. formula (!) and (J) and fig. 87]. 


ACTIVITY IN THE INSIDE SOLUTION: 

ACTIVITY IN THE OUTSIDE SOLUTION: 

H+orOH“ 

M+ or M++ 

S~ or S” 

H+ or OH- 

or S- 

M'*"*' or S’" 

N 

N 

N 

N 

N 


(I a) - 100 m.e./l., z ^ IN 


.9 

.1 

.01 

.0011 

1.23 X 10"5 

.8 

.2 

.02 

.0050 

1.25 X 10-^ 

.6 

.4 

.04 

.0266 

.00178 

.5 

.5 

.05 

.0500 

.005 

.4 

.6 

.06 

.0900 

.0135 

.2 

.8 

.08 

.3200 

.128 

.1 

.9 

.09 

.8100 

.729 


(I h) = 10 m.e./l., IN 


.9 I 

.8 ! 

etc. 

.1 

.2 

.001 

.002 

.00011 

.00050 

1.23 X 10-7 

1.25 X 10-« 




(I c) — 1 m.e./l., z 

= IN 


.9 

A 

.0001 

.000011 

1.23 X 10-9 

.8 

.2 

.0002 

.000050 

1.25 X 10-8 

etc. 











(II a) = 100 i 

5 = 0.1N 


.09 

.01 

.01 

.0011 

1.23 X 10-^ 

.08 

.02 

.02 

.0050 

1.25 X 10-3 

etc. 






(II b) = 10 m.e.lL, z 

^ OJN 


.09 

.01 

.001 

.00011 

1.23 X 10-8 

.08 

,02 

.002 

.00050 

1.25 X 10-8 

etc. 






(II c) = 1 m.e. [I., z 

= OJN 


.09 

.01 

.0001 

.000011 

1.23 X 10-s 

,08 

.02 

.0002 

.000050 

1.25 X 10-7 

etc. 











trations of 100, 10 j and 1 m.e. per liter, the value of z being in one case (I) 
put equal to 1 N. and in the other (II) equal to 0.1 iV. 

The assumption of a complete dissociation of the acidoid and basoid as well 
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as of their saloids makes the concentration of the displaced H and OH ions 
very large. But this need not disturb us, for we are here not concerned with 
the true concentrations of the displaced H and OH ions but with the relative 
proportions of the displaced ions. 

Table 155 and figure 87 show that the maxima {m) in exchange acidity and 
exchange alkalinity must occur at a lower concentration of the salt (a) the 
lower the concentration of the soil suspension (or the lower the colloid content 
of the soil) and (5) the higher the concentration (z) of the ions dissociated by 
the colloid (II a omitted). 

The maxima in figure 87 occur approximately at the following concentra- 
tions of the salts and 


ACIDOID = BASOID — 

100 

10 

1 m.e./l. 

IJV 

.008 

.00045 

.000025 



.0009 

.00005 


These positions of the maxima, especially those at the higher concentrations, 
are somewhat lower than the true theoretical positions, because of the use of z 
instead y + z. 

The two maxima in each pair of curves in figure 87 occur at the same concen- 
tration of salt because in each system we are assuming an equivalence between 
acidoids and basoids and assign the same value for z to both groups. In the 
soil we might have any proportion between these factors, and the maxima in 
exchange acidity and exchange alkalinity may, therefore, occur at different 
concentrations of the salts. If, for example, the basoid content of a system be 
decreased, or the acidoid content increased, then the maximum in exchange 
acidity will not only become greater but must also be deflected to a higher salt 
concentration, whereas the maximum in exchange alkalinity will become 
smaller and occur at a lower concentration of salt. If, on the other hand, the 
acidoid content of the system be decreased, or the basoid content increased, 
then the effect will be the opposite. 

This is illustrated in figure 88. The calculations apply to unsaturated soil 
suspensions whose acidoid /basoid ratios vary between 5.0 and 0.2 and whose 
acidoid and basoid concentrations are put at 2 to 10 m.e. per liter, the value of 
z being assumed to be equal to 1 iV in every case. 

If we compare the curves in figure 88 with the curves in I b in figure 87 we 
note that a decrease in basoids (= increase in acidoid /basoid ratio) causes the 
maximum in exchange alkalinity (m~') to be smaller and to be deflected toward 
a lower salt concentration, whereas the maximum in exchange acidity (w^) 
becomes larger and is deflected toward a higher concentration of salt (cf. 
curves in fig. 88 a and b). A decrease in acidoids (= decrease in acidoid/ 
basoid ratio) has the opposite effect (cf. curves in fig. 88 c and d). 

The maxima in exchange alkalinity in solution and in exchange 
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acidity in solution M++S~2 occur, in the different proportions of acidoid to 
basoid, approximately at the following equilibrium concentrations of the salts: 


Figure 

88 b 

8S a 

87 1 b 

88 c 

88 d 

Acidoid. . 

. . .m.e.ll. 

10 

10 

10 

s 

2 

Basoid . . . 

. . .m.ejL 

2 

5 

10 

10 

10 

MtS-.... 

N 

.000016 

.00010 

.00045 

.00135 

CO 

M++S1... 

n\ 

(X> 

.00135 

.00045 

.00010 

.000016 


In part B, we shall present our experimental data and show how we have 
applied the principles to a study of soil profiles. 



Co/7C. ojf* 

Fig. 88. The Maxima in Exchange Alkalinity and Exchange Acidity as Related to 

THE AciDOiD/BAsom Ratiq 
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MATERIALS USED 

For a systematic study of the application of the principles elucidated in 
part A to amphoteric soils, the following materials were selected : 

1. Soil and three subsoils of a ferruginous laterite from Las Mesas plateau, Mayaguez, 
Puerto Rico. This is the same soil which was previously studied by Mattson and Gustaf- 
sson (3) and which was kindly sent us by Dr. J. A. Bonnet, chief of the Division of Soils at 
the Insular Experiment Station, Rio Piedras. The four samples, which we shall call ‘Las 
Mesas,” were taken at the following depths: I = 0-12 inches, II — 13-23 inches, III = 
26-38 inches, and IV = 43-58 inches. Only samples I and IV have been titrated. 

2. Selected samples from a collection of 190 from a hydrologic podzol series of profiles 
taken in a trench 5 m. long which was dug from a wet depression into an adjoining hill of 
fine sandy material covering every transition from a peat podzol to the dry type of iron 
podzol (plate 4). This series which is taken near the south end of Lake Unden in Vaster- 
gotland is the object of an extensive investigation by Mattson and Lonnemark (4). The 
profile series is expressed in the form of coordinate values of x and y,x — ^ cm. representing 
the wet end and x = 500 cm. the dry end of the series, and y the depth of the sample below 
a horizontal line originating at the surface of the ground at the upper (dry) end of the series 
as shown in plate 4. 

For our present work we selected three of the fifteen profiles included in the 
work of Mattson and Lonnemark, viz., = 0, x = 280, zud x = 500 cm. 
(cf. fig. 99). From these three profiles we selected a horizontal series by 
taking the most strongly basoid sample in the B horizon of each profile (cf. 
fig. 101). The titrations, which required a considerable amount of material, 
had to be made on a collection of large samples from a separate profile dug at 
a point = 400 cm. The following samples were titrated: B 2 = 27-32 cm., 
B 3 = 37-42 cm., B 4 = 50-55 cm., and B 5 = 80-85 cm. (cf. fig. 92-96). 

Previous attempts to study the pH of laterites in different solutions by the 
quinhydrone and hydrogen electrodes have been unsuccessful, but the use 
of a glass electrode has apparently removed all difficulties. The laterites are 
particularly suitable for this kind of study, because of their high equi-ionic 
points which allow an extensive adsorption of anions before any appreciable 
dissolution of A1 and Fe takes place. (Such dissolution causes the exchange 
acidity of a strong solution to appear greater than that of a dilute solution 
even where the reverse is true.) 
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Most laterites and ail samples from the podzol B horizon are virtually com- 
pletely unsaturated and need not be electrodialyzed. The Las Mesas subsoil 
contained practically no dialyzable bases, but a not inappreciable quantity of 
SO 4 was present. This anion is held so firmly that it becomes dialyzable 
only after the soil is made alkaline by ammonia. In the following experiment 
all samples were used in their natural condition. 

TITRATION CURVES AND THE AMPHOTERIC POINTS OP SOILS 

Figures 89 and 90 give the titration curves of the Las Mesas I and IV in 
water and in 1 V and 0.01 N Na 2 S 04 . Without an application of the mass 
law and the valence efiect as expressed by the Donnan equation, these curves 
would, with respect to their intersections and relative position, be inexplicable. 
But on the basis of the theory, as here developed, the explanation presents 
itself in the form of an almost perfect reproduction of the theoretical curves. 
Since the theoretical curves were constructed before the titrations were carried 
out, we were surprised to find so good an agreement between theory and 
experiment. 

A comparison of figure 89 with figure 83 (see part A) and of figure 90 with 
figure 85 (see part A) leaves no doubt as to the meaning of the relative position 
of the experimental curves: In Las Mesas I (surface soil) the activities of the 
acidoid and basoid groups are more nearly balanced, because of the presence 
of humus acidoids and the less active (more dehydrated and aged) sesquiox- 
ides, whereas in Las Mesas IV the activity of the basoid groups is far in ex- 
cess. The result is that, in Las Mesas I, the exchange alkalinity in the 0.01 N 
Na 2 S 04 solution is greater than that in the 1 A solution, whereas in Las Mesas 
IV the exchange alkalinity, which is very great, increases with increasing con- 
centration. 

Because of its strong basoid character the Las Mesas IV ought to show the 
valence efiect by yielding a greater exchange acidity in a dilute than in a con- 
centrated solution of a salt of the type M+'^S"" 2 . A preliminary experiment 
with BaCl 2 (cf. fig. 97, 0 per cent humus) gave a maximum exchange acidity 
in a 0.1 A solution. The Las Mesas IV was therefore titrated in water and 
in 0.1 and 1 A BaCl 2 , with the results shown in figure 91. 

It will be noted that figure 91 is an approximate counterpart to figure 83 
in the inverted position. This points to an approximate equivalence between 
the acidoids and basoids, whereas the reaction with the sulfate points to a 
great excess of basoids. On the basis of the behavior of the soil in the sulfate 
solution we should expect figure 91 to resemble figure 81 in the inverted posi- 
tion (see part A), that is, the Las Mesas IV ought to yield an exchange acidity 
in the dilute and an exchange alkalinity in the concentrated BaCl 2 solution. 

This anomaly in behavior we ascribe to the SO4 ion which is present in the 
exchangeable form to the extent of 4,6 m.e. per 100 gm. These ions are, of 
course, precipitated by the Ba ions, leading to a substitution of SO4 by Cl 
ions. The monovalent Cl ions have a lower displacing power than the SO4 
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ions. The place of the latter in the basoid complex will therefore be taken 
by OH as well as by Cl ions, and this leads to an exchange acidity, produced 
by an extramiceilar reaction. 


Fig. 90 Fig. 91 

Figs. 89 , 90 , and 91 . Titration of the Las Mesas Lateeite 

The presence of SO4 in the laterite demands the use of CaCi2 instead of BaCb 
if this extramiceilar reaction is to be avoided. But we had obtained better 
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maxima in exchange acidity with Ba than with Ca ions and since the laterite 
yielded a pronounced maximum in BaCl 2 (0.1 N) we decided to use this salt 
even for this soil. We find the anomaly instructive, and later (cf. fig. 101) 
we shall show evidence in support of our interpretation. 

The amphoteric points of the three laterite samples in the solutions em- 
ployed are as follows: 


riGTTSE 

SAIDPLE 

SALT 

Eu) j 

Es' 

Eg" 

Ex* 

Ex'* 


89 

Las Mesas I 

Na2S04 

4.86 

5.12 

4.90 

5.47 

4.94 

4.35 

90 

Las Mesas IV 

Na2S04 

5.33 

6.04 

6.33 

7.37 

7,16 

7.08 

91 

Las Mesas IV 

BaCh 

5.33 

4.55 

5.03 

3.87 

4.68 

6.43 


It is interesting to note that the points of exchange neutrality of Las Mesas 
IV in Na 2 S 04 all occur above pH 7. 

Figures 92 to 95 show the titration in water and in 0.01 and 1 N Na 2 S 04 of 
the B 2 , B 3 , B 4 , and Bs samples of the Unden podzol (x = 400). 

It will be noted that the activity of the basoid group decreases and that of 
the acidoid group increases (at least relatively) as we go from the B 2 to the B 5 
horizon. Thus, the B 2 sample yields an exchange alkalinity (in the unsatu- 
rated condition) in the 1 V as well as in the 0.01 N solution, the B 3 sample 
yields an exchange alkalinity only in the 0.01 N solution, and the B 4 and B 5 
samples yield exchange acidity in both concentrations of the salt. 

A comparison with the theoretical curves (see part A) will show that figure 
92 resembles figure 83 and that figure 93 resembles figure 82 with respect to 
the relative position of the amphoteric points. The titration curves of B 4 
and B 5 have no theoretical counterpart among figures 81 to 85. From the large 
amount of exchange alkalinity developed on the acid side of the points of 
exchange neutrality, we know that these samples possess a considerable quan- 
tity of basoids. Why then does not the valence effect show itself here as in 
the case of the other samples by yielding an exchange alkalinity in the “dilute’^ 
solution? 

The answer to this question is, as will be shown later, that the “dilute’’ solu- 
tion was not dilute enough. The maximum effect of the valence occurs here, 
where the basoid groups are relatively weak, at a lower concentration than 
0.01 A Na 2 S 04 (cf. fig. 96). 

The amphoteric points of the four podzol samples in the solutions employed 
are as follows: 


tigure 

SAMPLE 

Ew 

Eg> 

Es" 

Ex* 

Ex** 

Ex'*f 

92 

B 2 1 

5,01 

5.41 

5.15 '' 

7.71 

5.46 

4.93 

93 

Bs 

4.91 

5.13 

4.79 

5.50 

4.75 

4.68 

94 

■/■B 4 , 1 

4.70 

4.65 

4.45 

4.55 

4.39 

4.38 

95 

, .Be 

4.70 

4.50 

4.25 

4.15 

4.15 

4.15 


A great deal of work has been done to determine the various factors which 
influence the pH of the soil, such as dilution and salt concentration. In view 
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of the foregoing relationships, we can readily appreciate why so little progress 
has been made. It is obvious that the soil reaction is so intimately related 



Fig. 93 Fig. 95 

Figs. 92 , 93 , 94 , and 95 . Titration of the B Samples of the Unden Podzol Profile 
400 , 


to the amphoteric nature of the soil complex and to the Donnan equilibrium 
that no student who does not embrace these ideas can hope to solve its prob- 
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lems. The fact that some of the E,- values are higher and some lower than the 
values and that the Ex’ values vary between 4.15 and 7.71 in samples from 
the same soil profile could never be accounted for without the theory as here 
presented. The attempt by Mattson and Gustafsson to relate the point of 
exchange neutrality to the point of zero, net base saturation (base-forming 
cations minus acid anions) will apparently fail, since these points are variables 
related to other, indeterminable variables. 
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Fig. 96. The Maxima m Exchange Alkalinity and Exchange AaDiXY in the B Horizons 
OE THE Unden Profile 400 

THE MAXIMA IN EXCHANGE ACIDITY AND ALKALINITY 

Figure 96 gives the pH in water and in various concentrations of BaCl 2 
and Na 2 S 04 of the four Unden podzol samples shown in figures 92-95. 

The following facts are of interest in connection with the theory: 

1. The exchange alkalinity in Na2S04, which is greatest in B 2 , decreases with an increase 
in exchange acidity in BaCh, which is greatest in Bfi. 

2. As the exchange alkalinity is decreased, its maximum is deflected toward a lower 
concentration of salt (from an initial concentration of about 0.01 in B 2 to 0.001 or 
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less, in Bg). At the same time the maximum in exchange acidity is deflected toward a 
higher concentration of salt. 

This is in agreement with the theory, as illustrated in figure 87 I b and figure 
88 a and b (see part A). It is obvious that when the acidoids greatly exceed 
the basoids the exchange alkalinity must reach a vanishing point at very low 
concentration of salt, and that the exchange acidity must assume a maximum 
in the most concentrated solution, exactly as shown in the figures. 

We can now understand why we found no theoretical counterpart to figures 
94 and 95. Had we titrated the B4 and B5 samples in 0.001 N instead of 0.01 N 
Na2S04 we 'would have obtained a relative position of the curves similar to 
those ill figure 81. The ^‘dilute” solution in figures 94 and 95 was not dilute 
enough to show a maximum of the valence effect. 

We are unable to explain the decrease in exchange acidity of B4 in Na2S04 
above 0.1 A unless it can be ascribed to abnormal changes in the activity co- 
efficients of the various ions at high concentrations in the inside solution. (An 
abnormal decrease in the activity coefficient of the SO4 ions or an increase of 
that of the Na ions in the inside solution would account for the phenomenon.) 

Influence of humus 

The difference in amphoteric behavior between Las Mesas I and IV is to 
a large extent ascribed to humus acidoids. A systematic study of the influ- 
ence of humus upon the reactions of the laterite was made by adding 2.5, 
5.0, and 10.0 per cent of humus acidoid (obtained by extracting peat with 
NaOH, precipitating with H2SO4, and electrodialyzing the precipitate until 
free from acid) to the Las Mesas IV and then determining the pH in water and 
in increasing concentrations of Na2S04 and BaCl2. The results are shown in 
figure 97. In camparison with the sample to which no humus was added, we 
note the following: 

1. The pH in water is lowered. 

2. The exchange alkalinity in Na 2 S 04 is reduced, and this reduction is much greater in 
the concentrated (1 A) solution, which yields an exchange acidity with 5 and 10 per cent 
humus. This gives rise to pronounced maxima in exchange alkalinity in the dilute solutions 
(between 0.01 and 0.1 A initial concentration). 

3. The exchange acidity in BaCb is increased, and this increase is greater in the con- 
centrated solution (1 N)\ the maxima in dilute solutions (about 0.1 A), therefore, become 
less pronounced and finally vanish (with 10 per cent humus). 

That this is aU in agreement with the theory is best shown in figure 98, in 
which the exchange alkaiinities and exchange acidities are plotted against the 
salt concentration in analogy to figure 86 (see part A). 

It will be noted that the curves in figure 98 are ^Meformed’^ toward the 
lower right side. This is doubtless, in part, due to the SO4 ions present in the 
laterite. The precipitation of these ions as BaS04 leads to an additional ex- 
change acidity, as has been explained. This causes the maximum in exchange 
acidity to occur at a higher concentration of salt (about 0.1 N) than would be 
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the case in the absence of the SO4 ions. The ‘ 'deformation’^ of the curves may 
alsoj in part, be an expression of the aforementioned dissolution and hydrolysis 
of the compound formed by the anions with the basoid groups, thus changing 
the exchange alkalinity to an exchange acidity. In laterites having high 
equi-ionic points this effect is small. 

It should be pointed out that, since our salt concentrations express the ini- 
tial (not the end) concentrations, the curves do not represent the exact equi- 
librium conditions. The maxima occur in reality at a somewhat lower con- 
centration than that shown in the figures. Since this deviation is different 
for the different ions as well as for differences in the composition of the com- 
plex, this will also affect the form and relative position of the curves. A com- 
parison of figures 86 and 98 leaves, nevertheless, no doubt as to the applica- 
tion of the theory. 

It should also be pointed out that the maxima in figure 98 should, in reality, 
not occur at the same concentration of salt as in figure 86, which is based on 
a single “dilute” concentration, but should be deflected, as explained in con- 
nection with figures 88 and 96. The fact that this deflection is not in evi- 
dence in figure 97, with respect to the maxima in exchange alkalinity, leads us 
to add a few more words concerning this experiment. 

In figures 97 and 98 there is no reduction in the exchange alkalinity beyond 
the two first additions of humus (2.5 and 5 per cent), and there is no visible 
deflection of these maxima in the direction of a lower concentration of salt. 

We consider this to be significant and to be an expression of the condition of 
the mixture. The humus acidoid was added to the soil in the form of a gel. 
It seems obvious that, in spite of the shaking, the relatively large particles of 
the humus could not enter the smallest capillaries of the laterite but could 
merely interact with the basoid groups situated on the surface. Only the 
first additions of humus, which “neutralized” these outer groups, had, there- 
fore, any effect on the basoid activity. The basoid groups in the interior were 
left free to interact with the SO4 ions. It is obviously possible for a system to 
contain free acidoids and basoid groups of any strength as long as these groups 
are prevented from interacting. This fact may have important applications, 
because it is theoretically possible to remove virtually all the anions and cat- 
ions from a solution by passing it alternately through an acidoid and a basoid. 

If, in the foregoing experiment, we had used Na-humate instead of the 
humus acidoid (and electrodialyzed the mixture) we would undoubtedly have 
obtained a different picture, although the acidoid/basoid mass ratio would 
have been the same. 

Besides the vertical series from the B horizons of the Unden podzol profile 
X = 400 , we selected, as has already been mentioned, a horizontal series by 
taking the most strongly basoid sample (cf. fig. 101) from three of the Unden 
series of profiles. 

Figure 99 gives the pH in water and in different concentrations of Na 2 S 04 
and BaCb. Sample x = 500 (y = 30) comes from the dry end of the profile 


144 SANTE MATTSON AND LAMBERT WIRLANDER 

series and is the most strongly basoid of all. With a loss on ignition of only 
1.47 per cent, this sample yields an exchange alkalinity with all but the dilute 
solutions of BaCia. The nearest theoretical counterpart is found in figure 
88 d (see part A). 

Sample rr = 280 (y = 90), with its 2.03 per cent loss on ignition, is some- 
what less strongly basoid, but even this sample yields a slight exchange alka- 
linity in N BaCla. The nearest theoretical counterpart is found in figure 88 c 
(see part A). 

x^SOQ 



*3" C*or? cr. 


Fig. 99. Exchange Reactions of the Most Basoid Samples from Three of the Unden 

Profiles 
(Cf. fig. 101) 

Sample x = 0 (y = 160), with 6.49 per cent loss on ignition, yields curves 
which seem dfficult to interpret. It should be pointed out that this sample 
comes from the wet end of the projQle series and represents apparently gleyed 
material. The low pH might be another factor. The sample apparently 
possesses a fairly strong basoid group in spite of the high humus content, but 
before the samples are analyzed it is impossible to say what specific influence 
may be present. 


LAWS OF SOIL COLLOIDAL BEKAVIOR: XXI 


145 


Influence of the concentration of the colloid 

Having shown how variations in the acidoid/basoid activity ratio affect 
the maxima in exchange acidity and exchange alkalinity, we now show how 
variations in the concentration of the colloid affect these maxima when the 
acidoid/basoid ratio remains the same. 

According to figure 87 (see part A) an increase in concentration should de- 
flect the maxima toward a higher concentration of salt. Figure 100 shows the 


Uncfen ■4-00 




Fig. 100. Influence of the Concentration of the Soil Suspension on the Maximum 

IN Exchange Alkalinity 

exchange alkalinities in various concentrations of Na 2 S 04 of the B 2 sample of 
the Unden profile 400 in the proportions of 6, 12, and 20 gm. of soil to 20 cc. 
solution. 

The curves show that an increase in the concentration of the soil results in 
an increase in exchange alkalinity and a deflection of the maximum toward a 
higher concentration of salt. 

We note further that the right legs of the curves become steeper with in- 
creasing amounts of soil. This is because the counter action (exchange 
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acidity) of the Na ions is less effective in the dilute suspension, as dilution 

opposes the lowering and favors the elevation of the pH. 

The maximum in exchange alkalinity in a dilute suspension should be smaller 
than the exchange alkalinity of a more concentrated suspension at the cor- 
responding concentration of the salt solution. This is true for the 
12:20-20:20 pair but, for some reason, not for the 6:20-12:20 pair of 
systems. 

With this exception, the results are in perfect agreement with the theory 
and yield information which, if it could be quantitatively interpreted, would 
be of very great importance, for we should then be able to determine the 
quantity of colloid in a soil merely by means of a few simple pH determina- 
tions. But even the qualitative results which the method yields will lend 
themselves to important applications. 


APPLICATION TO SOIL PROEILES 

Having established the factors which govern the amphoteric reactions of 
soils, we are in a position to reciprocate and, by means of these reactions, i.e., 
the pH, determine qualitatively and, in a comparative sense, quantitatively, 
these factors. 

The results of the application of the method to three of the Unden profiles 
and to the Las Mesas laterite are here presented. 

Figure 101 gives the difference between the pH of the soil in water and its 
pH in 0.01 N Na 2 S 04 and BaCb solutions at different depths of the profiles. 
These differences express the exchange acidity (positive values) and the ex- 
change alkalinity (negative values) of the soil materials. 

Since the samples have not yet been analyzed, it is too early to attempt a 
detailed discussion of the results. In the case of the podzol profiles we shall 
merely direct the reader’s attention to the maximum in exchange alkalinity 
in the upper B horizon. This maximum expresses a high basoid activity re- 
sulting from the isoelectric precipitation of the cationic sol complex which 
has come from the A horizon. Then there is another maximum in the gley 
horizon (G) due to an accumulation of ferric hydroxide formed by the oxida- 
tion of soluble ferrous compounds. 

This method, which is based upon a determination of the activities of the 
acidoid and basoid groups (as distinguished from the analytical determination 
of the quantities oi acidoid and basoid materials), offers a simple, direct, and 
scientific expression for the podzolization of a soil. [For a complete report 
on the work on the Unden series cf. Mattson and Lonnemark (4).] 

The samples of the laterite used in this experiment were electrodialyzed to 
remove the displaceable SO 4 ions which were present in small but appreciable 
amounts in the II, III, and IV samples. Sample I contained very little 
SO4 but contained, on the other hand, appreciable quantities of Ca ions, of 
which the other samples contained mere traces. 

The pH values of the electrodialyzed samples (the ultimate pH) in water 
and in 0.01 N and N Na 2 S 04 and BaGb are given in table 156. These values 
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represent the average of duplicate determinations with the glass electrode^ 
which gave very good results. On the basis of these values, the basoid ac- 



Fig. 101. Dipferences Between the pH in Water and in the Salt Solutions oe the 
Las Mesas Laterite and oe Three oe the Unden Podzol Profiles 
Negative values — exchange alkalinity ; positive values = exchange acidity 


tivity is greatest in sample II, whereas the acidoid activity is greatest in sample 
I, which contains considerable humus acidoids. 

The differences between the pH values in water and in the salt solutions are 
shown graphically in figure 101. We get here a different picture from that 
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of the podzol profiles. The characteristic maxima and minima in the podzols 
are absent in the laterite. The exchange alkalinity of the laterite in the sulfate 
solutions is lowest in the surface soil and attains a uniform high value in all 
the subsoil samples. The exchange acidity in BaCh ought to be greater in 
sample I than in the three subsoil samples. That this is not the case must be 
ascribed to the SO4 ions which, in spite of a prolonged electrodialysis (1 week), 
still remained in samples II, III, and IV, as was shown by extracting the soil 
with a hot ammoniacal solution of NH4CI. Since these subsoil samples yielded 
a still greater exchange acidity before being electrodialyzed, we conclude 
that the exchange acidities of these samples are still “abnormally"’ high, 
whereas the exchange acidity of sample I more nearly expresses the true 
amphoteric nature of the soil complex. 

Another significant thing in figure 101 (cf. Las Mesas) is the fact that the 
exchange alkalinity is greater in N than in 0.01 N Na 2 S 04 and that the ex- 
change acidity is greater in 0.01 N than in N BaCl 2 in samples II, III, and IV. 

TABLE 156 


The loss on igiiition and the pH of the electrodialyzed Las Mesas laterite in water 
and in salt solutions 


SAMPLE 

DEPTH 

LOSS ON 
IGNITION 

pH IN 

Water 

N a2S04 

iVNaaSOd 

bdo 

&| 

N BaCIa 


inches 

Per cent 






I 

0-12 

18.53 

4.25 

4.63 

4.33 

3.70 

3.72 

II 

12-23 

16,52 

6.11 

6.60 

6.79 

5.20 

5.54 

III 

26-38 

15.89 

5.60 

6.21 

1 6.33 

4.85 

5.20 

IV 

43-58 

16.75 

5.79 

6.51 

6.61 

5.12 

5.50 


This tells us that the basoid groups are so strong in these samples that the 
effect of the SO4 ions remains stronger than that of the Na ions even in high 
concentrations, and that the effect of the Cl ions becomes^ in high concentra- 
tions, greater than that of the Ba ions. In sample I the acidoid group is 
sufficiently strong to make the effect of the Na ions outweigh that of the SO4 
ions in high concentrations. The same tendency is shown with respect to 
the Ba and Cl ions. 

OTHER APPLICATIONS 

It has been pointed out that, theoretically, it would be possible to remove 
virtually all the anions and cations from a solution by passing it through al- 
ternate layers, or a coarse mixture, of acidoids and basoids. In order to find 
out to what extent this is possible in the case of soil acidoids and basoids, we 
performed the following experiment: 

Twenty grams of electrodialyzed raw humus and fifty grams of Las Mesas 
II were separately moistened (to prevent intimate mixing and mutual interac- 
tion) with 0.01 N CaS 04 and then lightly mixed and placed in a tall glass fun- 
nel. The mixture was then leached with the CaS 04 solution. The first, 
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second^ third, and fourth 50-cc, portions of the filtrate collected showed no 
trace of Ca or SO4 ions. A special study of this problem is planned. 

The Donnan distribution of ions in the soil has many other important conse- 
quences. Consider, for example, the effect of a concentration and a dilution 
of the soil solution on the mobility of the monovalent and divalent ions. A 
dilution favors the entrance (in the soil complex and in the roots of plants) 
of the divalent and the outgo (in the soil solution) of the monovalent ions. A 
concentration reverses the process. One might say that acidoids and basoids 
“inhale’^ divalent and “exliaie’’ monovalent cations and anions, respectively, 
upon wetting and ^^inhale’’ monovalent and ‘‘exhale” divalent cations and 
anions upon drying. 

The ^^dilution ejffecf^ on alkali soils observed by Eaton and Sokoloff (1), 
and by Kelley (2) is obviously an expression of such an ionic “respiration” or 
a readjustment of an equilibrium, between ions of different valence, which has 
been disturbed through a change in concentration in the outside solution. 
Eaton and Sokoloff found that 

The amount of sodium, both relative and absolute, in the aqueous phase tends to in- 
crease as the water-soil ratio is increased, whereas the relative concentration of calcium 
(and magnesium in some cases) tends to decrease. The absolute amount of calcium in so- 
lution may remain unchanged or tend to increase with dilution when soils contain an excess of 
sparingly soluble salts such as CaCOa and CaS 04 . 

This “CaCOa effect” which tends to obscure the valence effect, is very sig- 
nificant in the reclamation of calcareous alkali soils. In a noncalcareous 
alkali soil the dilution (or leaching) effect would not be very great because the 
mobile Ca ions would soon be exhausted. In a calcareous soil the Ca reserve 
is great and, since “the energy of adsorption” of the Ca ions is greater than 
that of the Na ions (in dilute solution)^ the low solubility of CaCOs is here an 
obvious asset: it allows the soil complex to take a “deep and prolonged breath” 
of Ca ions when the soil is leached, even when the irrigation water contains a 
few milliequivalents of alkali salts per liter. 

Since a leached soil means a dilute soil solution, we can readily understand 
why, in the humid soils, the divalent base-forming cations are present in the 
exchange complex in a greater proportion than in the original silicate rocks 
and in the soil solution. 

As to the dilution effect on the anions, that will depend on the ampho- 
teric nature of the soil and on the pH at which the analysis is made. High 
above the equi-ionic point the anions are negatively adsorbed [y < in equa- 
tions (K) and (T)]. At lower pH, at which the basoids are functioning, the 
anions are positively adsorbed (y + s > ir) and the dilution effect, with respect 
to the valence, will be the same as that for the cations at high pH, provided 
there is no hydrolysis and no solution effect (CaS 04 etc.). The investigator 
must know the amphoteric character of his soil, its equi-ionic point, the pH at 
which he is working, the volume of the micellar solution, and many other 
things before he can, even qualitatively, interpret his results. 
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CONCLUSION 

The dilution effect leads Kelley to the noteworthy conclusion that ^ 'there 
is no such thing as a definite or true soil solution.” This statement empha- 
sizes the dynamic character of the soil^ which is subject to constant changes 
in response to its environment. The truth of the statement is best realized 
when we consider that hand in hand with the redistribution of the ionSj result- 
ing from changes in concentration, there are changes in potential difference, 
in the osmotic and electrical transfer of water (swelling and shrinking), in 
dispersion and Brownian mobility, and in many other properties. The am- 
photeric character of the complex and the conception of an amphoteric ion 
atmosphere make the picture more complicated. Clusters or “clouds” of 
ions of opposite sign of charge, Brownian bombardments, charges, and dis- 
charges must give rise to a turbulence comparable to the electrical storms in 
our terrestial atmosphere. 

There is perhaps nothing which better testifies to the inconstancy of soil 
factors than the pH and the capacity to bind base. Kelley might have in- 
cluded in his statement that there is no such thing as a definite or true soil pH 
or any definite or true soil capacity to hind base (or acid). Apart from the 
changes in the activity coefficients with changes in the ionic strength of a 
solution, common to all electrolytes, we meet, in colloidal electrolytes, the 
peculiar conditions of an unequal distribution of ions. This distribution is 
affected by salts in such a way that the pH of a soil can be both higher and 
lower in solutions of different concentrations of the same salt than the pH 
of the soil in water. As to the capacity to bind base at a given pH, we know 
from our titration curves that this capacity will be different in different solu- 
tions. Above the point of exchange neutrality, of two concentrations the 
capacity will be greater in the stronger solution, whereas below this point it 
will be greater in the dilute solution. 

Since the pH of a given soil at a given base status is a function of the con- 
centration and composition of the soil solution and since the net capacity 
of the soil to bind base at a given pH is an expression of the power of the base- 
forming cations to displace the H ions of the acidoids, over and above the 
power of the acid anions to displace the OH ions of the basoids, and further, 
since the relative displacing power of ions of different valence changes with 
changes in concentration, we arrive at the conclusion that the pH, the concen- 
tration and the composition of the soil solution, and the capacity of the soil to hind 
base at a given pH are interdependent variables. This conclusion may be summed 
up in the following statement: At each pF of the soil there is a different soil solu- 
tion, a different pH, and a different capacity to hind base. The soil problems 
are complicated, but it has been said that ^Ht is easier to find your way in a 
nakiral cave than in a man-made labyrinth and the soil is a natural body. 

, SUMMARY ; 

The property of amphoteric soils simultaneously to exchange H and OH 
ions for the cations and anions of a neutral salt solution at, or near, the equi- 
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ionic point of the soil, and the valence effect in the mass law (as expressed 
by the Donnan distribution of ions between the soil complex and the soil 
solution) lead to some very significant, but heretofore neglected, consequences. 

For the salts Na2S04 and CaCl2 the following expressions apply: 
for acidoids: 

(Hpf ^ (Nap. - ^ V(Ca++)< 

(H+)o (Na+)„ V(C^, 

and for basoids: 

(OH~)i = (cn.- ^ ViS 07 )i 
(OH-)„ (cr)„ 

where the parenthesis represents activity and i and o signify that the ions 
are in the inside and the outside solutions respectively. 

The fact that the divalent ions enter the equation in the form of the square 
root of their activity indicates that, in low concentrations (in the ^^outside” 
solution) of the salt and in the presence of equivalent proportions of free 
acidoids and basoids, the number of H ions displaced by the Ca ions will be 
greater than the number of OH ions displaced by the Cl ions, and the number 
of OH ions displaced by the SO4 ions will be greater than the number of H 
ions displaced by the Na ions. In high concentrations the displacing power 
of the different ions will approach the same value. These conclusions are all 
drawn with the proviso that none of the ions enter into any specific reaction. 

From this it follows that, under the aforementioned conditions, CaCi2 
(or a salt of the type M’^+S“2) must yield a maximum in exchange acidity in 
dilute solutions and Na2S04 (or a salt of the type M+2S“) must yield a maxi- 
mum in exchange alkalinity in dilute solutions. 

A theoretical study has been made of the various factors which determine 
the position and magnitude of these maxima, such as the acidoid /basoid ratio, 
the concentration of colloid, and the concentration of the ions in the micellar 
solution. 

By means of titrations and pH determinations of different soils in various 
concentrations of salts, it has been possible to prove the application of the 
theory. 
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When a neutral salt is shaken with an acid soil a portion of the cation of 
the salt is taken up and an equivalent amount of free acid is produced. This 
is known as the exchange acidity of the soil and is sometimes referred to as 
the potential acidity or exchangeable hydrogen. When the salt of a weak 
add and a strong base, like sodium acetate, is used, the amount of titrable 
acidity produced is much larger than in the case of a neutral salt and is known 
as hydrolytic acidity. 

It is well known that the distribution of a base between two acids is governed 
by the relative strengths of the acids competing for the base, the stronger acid 
combining with the larger proportion of the base. In other words, if the 
relative amounts of the individual salts formed could be estimated, the relative 
strengths of the acids in a mixture would be known. Similarly if a salt is 
added to a soil acidoid, the amount of the basic portion of the salt going over 
to the soil acidoid wiU be governed by the relative strength of the acid radical 
of the salt as compared to the soil acidoid. For instance, a larger proportion 
of the base would be taken up by the soil from acetates than from chlorides. 

It is the object of this paper to present evidence that the whole phenomenon 
of exchange acidity is due to the distribution of a base between two acids and 
is entirely governed by the relative strengths of the acid and the soil acidoid, 
and that any distinction between exchange acidity and hydrolytic acidity is 
arbitrary and misleading. 

One of the most accurate methods of following the distribution of a base 
between two acids is the measurement of pH values. When a mixture of 
equivalent amounts of two acids of unequal strength is titrated with a base, 
the titration curve is identical with that of the stronger acid at the start, and 
if the dissociation constants of the two acids are far removed, virtually aU 
of the stronger acid is neutralized before the weaker acid is affected. From 
the nature of these titration curves, it is possible to judge the relative strengths 
of the acids. On the other hand, the change in the pH value of a H-soil, on 
the addition of an equivalent amount of a salt of an acid, will be a measure 
of the strength of the acid. 

The equivalent point of a H-soil can be determined from its titration curve 
and is referred to as its T/2 value.^ Four soils of widely differing character- 

^ Puri, A. N., and Asghar, A. G. 1938 Titration curves and dissociation constants of 
soil acidoids. Soil Sci. 45: 
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were used in the first instance. The soils were freed from bases by 
rnent with 0.05 N HCl; equivalent amounts of K salts of various acids 
added to these H-soils, and pH values were determined with the glass 


Fig: 1, Relation between pH and pK values of Various Salts Added to H-Soils 

electrode. When pH values of the resulting mixtures are plotted against 
the logarithms of their dissociation constants, i.e., the pK values, a series of 
parallel lines for various soils are obtained (fig. 1). Thus if the pH value 
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of a H-soil in KCl solution is determined, its pH value in any other solution 
of the K-salt of the acid of which the pK value is known is given by the formula: 

pH = .57 (pK -- 1.4) + pH KCl (A) 

It is, of course, understood that the various salts and the H-soil are used in 
equivalent amounts. 

The pK values for the various acids used are as follows: 


Acetic acid = 4.2 

Chromic acid = 6.4 

Boric acid = 9.2 

Carbonic acid =10.2 

Nitric acid = 1.5 

Sulfuric acid = 1.8 


Hydrochloric acid = 1.4 

These acids in the concentrations developed in soils have no action on the 
clay complex. Formula (A) is applicable to K salts. For Na, NH 4 , and Ca 
salts, the following formulas were worked out from the straight line rela- 
tionships: 

pH = .58 (pK - 1.4) + pH NaCl (B) 

pH = .58 (pK - 1.4) + pH NH4CI (C) 

pH = .69 (pK - 1.4) + pH CaCl 2 (D) 

The calculated pH values for various soils in different salt solutions in 
comparison with those determined experimentally are given in tables 1 and 2. 
In table 2 a larger number of soils are compared for acetates only. In every 
case 5 gm. of the soil was shaken for 48 hours with an equivalent amount of 
the various salts in 100 cc. of solution, and pH values were determined with 
the glass electrode. The calculated and found pH values show a good agree- 
ment for all types of soils studied and leave no doubt as to the nature of the 
exchange reactions involving the displacement of H ions. 

The relation established in the foregoing is true only when equivalent 
amounts are used. It would be interesting to know how increasing amounts 
of salts will affect the distribution of the base. From the titration curve of 
an acid, we can imagine any point on the curve as representing an acid which 
is weaker than the original acid. If we are dealing in terms of H ions only, 
a series of acids of decreasing activity can be obtained by partially neutralizing 
any acid with increasing amounts of a base. For instance, the pK values of 
one-fourth, one-half, and three-fourths neutralized acetic acid are 4.7, 4.95, 
and 5.40 respectively. 

We can regard an equivalent amount of any of these partially neutralized 
acids in the usual manner as containing 1 gram molecule of replaceable H. 
When they are neutralized the net result will be salts of increasing concentra- 
tion. Alternately, we can regard increasing concentrations of a salt as the 
equivalent of a base neutralized with acids of decreasing activity. This con- 
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ception may help us in visualizing the mechanism of pH changes of a H-soil 
with increasing amounts of salt. If we plot the pH values with different 
concentrations of a salt against the calculated pK values, the results fall on 
straight lines characteristic of different acids which branch off from the curve 
given in figure 1 . This relation is shown in figure 2 on a magnified scale. HCl, 
being completely ionized, the same pH is obtained at ail concentrations; con- 
sequently, our starting point with KCl may be taken as fixed, and the formula 
developed can be used for finding the pH value of a H-soil in any solution at 
any concentration, provided we know the pH on the addition of an equivalent 
amount of the salt from formulas {A) to (D). The equation giving the relation 
between pH and pK values at different concentrations is derived as follows: 

TABLE 2 


Calculated and found pH values of H-soils in K-aceiate 


SOILS 

pH WITH KCl 

pH WITH K ACETATE 

Til VALUES 

Found 

Calculated 

P . C . 2 

3.0 

4.6 

4.6 

m.e./iOO gm. 

55.0 

6 

3.4 

4.8 

5.0 

12.0 

7 

4.4 

5.5 

6.0 

8.0 

15 

3.8 

5.1 

5.4 

1 5.0 

32 

3.3 

4.9 

4.9 

58.0 

68 

4.1 

5.4 

5.7 

18.0 

70 

3.6 

5.4 

5.2 

48.0 

73 

3.6 

4.9 

5.2 

28.0 

no 

4.1 

5.4 

5.7 

10.0 

114 

3.6 

5.5 

5.2 

40.0 

115 

1 3.9 

5.6 

5.5 

30.0 

116 

1 3.9 

5.3 

5.5 

19.0 

122 

GO 

5.3 

5.4 

8.0 

124 

1 3.5 

5.1 

5.1 

15.0 

132 

I 3.2 

5.0 

4.8 

18.0 

138 

! 3.8 

5.0 

5.4 

10.0 

152 

3.6 

5.2 

5.2 

36.0 

153 

3.85 

5.5 

5.45 

44.0 


Equations (A) to (B) can be written in the general form: 

pH == m (pK — pKo) + pHo (-E) 

in which pHo is the pH value when the soil is treated with KCl at equivalent 
concentration; pKo is the dissociation constant of HCl (1.4); pK is the dissoci- 
ation constant of the add of which the salt is used; and m is the slope of the line. 

Eor the equation of any straight line that branches off from this line at 
any point (i.e., the line showing the relation between concentration and pH), 
the equation will be: , . 


pHi = (pKi -- pK) + pH 


m 


11 


I 
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in which pH is the value when the concentration of the salt is equivalent to 
that of soil and which is given by formula (£) ; pKi is the dissociation constant 
of the acid in accordance with the assumption made above; and mi is the 
slope of the line showing the effect of concentration on pH. 
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Fig. 2. Eppect op Concentkation of the Salt on Its pH Value with H-Soils 

Substituting numerical values in equation (F) in the case of soil P.C. 13 
A.T. we have for acetates: 


and for borates: 


pHi = .835 (pKi - 4.2) + 4.3 
pHi -= 1.72 (pKi - 9.2) + 7.3 


The values of pKi are, of course, calculated for every concentration in ac- 
cordance with the assumption that a higher concentration of salt may be 
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taken as the salt of a weaker acid. The following relation is used for finding 
the pKi value; if Ci is the concentration of the salt, and C 2 is the concentration 
equivalent to the soil acidoid, then the pKi value of the partially neutralized 
acid equivalent to the soil acidoid is given by the pH of the acid neutralized 


to 100 


(-a 


per cent. This value is interpolated from the titration curve 


of the acid. An example will make this point clear. Suppose we want to 
find the pH value of a solution containing 10 m.e. of K-acetate when shaken 
with a H-soil containing 2 m.e. of acidoid. The pKi value of the partially 

neutralized acid will be equal to pH when 100 ^1 — 2 X lo) ~ 

TABLE 3 

Calculated and found pH mines of K-acetate and K-borate at various concentrations 


CONCENTRATION 

pK 

pH 

Found Calculated 

Acetate 

N/m 

‘ 4.2 

4.3 

4.3 

N/26.6 

4.75 

4.85 

4.75 

N /20 

5.0 

4.95 

4.96 

N/16 

5.15 

5.15 

5.1 

N/13,3 

5.2 

5.2 

1 5.12 

N /10 

5.4 

5.4 

5.30 

N/6.6 

5.6 

5.55 

5.46 

N/5 

5.8 

5.72 

5.63 

Borate 

N/i 

9.2 

7.3 

7.3 

N/26.6 

9.6 

8.05 

7.98 

N/20 

9.75 

8.25 

8.24 

N/16 

9.9 

8.5 

8.5 

A/13.3 

9.95 

8.6 

8.59 

iv /10 

10.05 

8.75 

8.76 


of acetic acid is neutralized with KOH. From the titration curve of acetic 
acid with KOH this is found to be 5.6. 

Substituting this value in formula (F) we have: 

pHi = .835 (5.6 -- 4.2) + 4.3 = 5.46. 

The calculated and found values for the various concentrations are given 
in table 3. 

When dealing with salts of dibasic acids like chromic and carbonic, a straight 
line relation is not obtained at low concentrations. The reason is obvious. 
These acids have a point of inflection at the end of the fiirst half of the neu- 
tralization when the conditions are highly unbuffered, and therefore a slight 
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change in the degree of neutralization can produce a large difference in the 
pH value. The measurement of pH values is not reliable m this region, and 
it is not certain whether one is dealing with the first or the second dissociation 
constant unless one works with concentrations so high that they can only fall 
in the second half of the titration curve. The effect of concentration of the 
salt on the pH value of the soU acidoid in the case of chromates and carbonates 
shown in figure 2 has not been included in the mathematical part of this study. 
Sulfates, on the other hand, faU in line with salts of monovalent acids, because 
there is no point of inflection at the end of the first half of the neutralizataon. 
It is to be noted that salts of dibasic acids are used in molecular concentrations, 
and therefore an equivalent of twice the amount of acidoid is employed to 
ensure that one is dealing with the dissociation constant of the mono acid salt 
Phosphates have been excluded from this study because of the possibility of 
side reactions. The data presented, however, leave no doubt as to the funda- 
mental cause of exchange acidity, namely, the distribution of a base between 
two acids of unequal strength. 

SUMMARY 

The phenomenon of exchange acidity in soils has been studied. The results 
show that the production of free acid on the addition of a salt to an acid soil 
is governed by the law of distribution of a base between two acids of unequal 
Strength. 
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There is considerable evidence to indicate that the oxidation of manganous 
compounds to manganic oxide may be used as a source of energy by micro- 
organisms. Sohngen (7) and Beijerinck (1) studied certain aspects of this 
oxidation. Gerretsen (2, 3) pursued the subject in the course of his work 
on manganese deficiency of oats, using the following method of investigation : 
The soil to be studied (30 gm.) is mixed with water (25 ml.) and 100 ml. of 
2 per cent agar at 40°, in a petri dish 11 cm. in diameter. When the mass 
is solid, a hole 2.5 cm. in diameter is cut from the center, and agar containing 
1 per cent MnS04, usually mixed with sand, is poured into the gap. The 
dish is then incubated at 25°, and the development of brown deposits of 
manganic oxide is noted during the following days. 

Gerretsen adjusted the pH of his cultures by the addition of HCl or NaOH, 
and found that after 2 weeks’ incubation manganic oxide was developed only 
between the limits of pH 6.3 and 7.8, with a maximum at 7.0 and only slight 
development at pH 6.4 and 7.3. This alkaline limit seemed to us so unlikely 
to be a general property of soils that we applied the same technic to a number 
of soils and found that the limits are, in general, much wider than those just 
quoted. Some of the observations made in the course of this work seem of 
sufficient interest to be placed on record. 

The methods used were those of Gerretsen as quoted, except for minor 
details; incubation was at 27° instead of 25, sand was omitted from the central 
plug of MnS04, and the amounts of soil and agar were reduced usually to one- 
fourth of those quoted. Sulfuric acid or sodium hydroxide was added to 
each of the soils in such amounts that the final agar plaques covered the 
range of pH from 5.0 to 9.0. Most of the pH values quoted were determined 
either with the quinhydrone electrode (where reactive manganic oxide was 
not present) or colorimetrically. Some of the extreme values were checked 
with the glass electrode. 

One difficulty which immediately arises is the fact that, during incubation, 
the pH of the soil-agar plaques falls from 0.3 to 0.9 of a unit, on account of 
the formation of acids from the more available carbohydrates of the medium. 
The tables therefore indicate whether the pH value refers to the original 
plaque (actually to the central plug which was removed to make room for 
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the MnSOi-agar) or to the plaque at the end of the experiment. Possib y 
the mean of these figures should be used in discussing the results. _ 

Gerretsen established the biological nature of the reaction by showing that 
plaques to which chloroform had been added did not develop any brown spots 
of manganic oxide. We repeated this work on several plaques, using either 
chloroform or germisan as a disinfectant, and confirmed his results. 

The soils used, and referred to by their place names, were as follows: 

Chocolate sandy loam from Mt. Gambler, South Australia. Highly immature, derived 

from volcanic ash, and calcareous; pH 7.4. i r* -u 

Black clay from Penola, South Austraha. Reclaimed swamp, seH-mulchmg when dry 
^^xtht gray sandy loam from Timboon, Victoria. Poor podzolized soil, recently limed; 
^^Gray sandy loam from the grounds of Melbourne University. Limed to pH 7.3, 15 years 

^ Ferruginous gravelly sand from Western Australian wheat belt (“W.A. Gravel”); pH 6.9. 

Highly acidic sand from Cranboume, Victoria. Recently limed. 

Gray calcareous clay, from Dooen, Victoria. Self-mulching; pH 7.3. , 

Dark gray calcareous clay from Wernbee, Victoria. Derived from Pleistocene basalt; 

pH 7.8. 

References to several of these soils have been made in another report (4). 

The first six of these soils are associated with manganese-deficiency disease, 
and the last two are not. The Werribee soil contains so much active manganic 
oxide that its pH cannot be measured by the quinhydrone electrode. AU 
samples were taken directly from the field or from pots which were exposed 
to the weather; consequently, there was no complication through possible 
changes in the microbial flora by air drying. 

EESULTS 

The samples studied in this work show a remarkable range in behavior. 
The technic is so simple and the results so varied and so striking that the test 
may be recommended for purposes of demonstration. Plate 1 shows some of 
of the patterns of the precipitated oxide. The staining power of the 2 mgm. 
of manganese used is remarkable. Each soil gave a characteristic pattern 
which was reproducible within a certain range of pH. Some soils developed 
a uniform brown zone (pi. 1, fig. 1), others developed a ring of brown spots 
up to about 0.5 mm. in diameter (figs. 5 and 6), others slowly formed large 
spots, up to 5 mm. diameter, without any ordered arrangement (fig. 2). This 
random distribution of the slowly formed spots is due to the fact that man- 
ganese diffused uniformly over the plaque before precipitation began. Many 
plaques, especially in the most acidic and the most alkaline ranges, developed 
spots on the reverse (lower side) and not on the surface (upper side); in view 
of the aerobic nature of the reaction, this fact is curious, and is presumably 
connected with the growth of fungi or other bacteria on the surface but not 
on the reverse. The distance of the brown rings from the central plug, their 
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width, and their extension inward or outward during the second and third 
weeks of incubation were also very different with different soil types. The 
original formation of a ring at a distance as great as 1 cm. from the central 
plug is due to toxic concentrations of manganous ion closer to the center. 
Thus, sandy soils develop the ring farther from the center than clayey soils. 
If lower concentrations of manganous sulfate in the central plug are used, 
the precipitation takes place without any such gap. In only two out of a 
hundred plaques did brown spots fade after once forming. 

TABLE 1 

Alkaline limits of biological oxidation of manganous ion for various soils 


Penoia 


University 


W. A. Gravel 


Werribee 


ALKALINE LIMIT 


pH* 

Time to 
first brown 

spot 


days 

8.5 F 

9 

8.9 F 

20 

8.3 F 

3 

'8.8 0 

8.5 F 

7 

8.9 0 

60 

8.5 F 

8.6 F 

20 

8.4 F 

7 

= final. 


Brown spots on reverse, zone 1 cm. wide. 
MnCOa on surface, 5 mm. wide, 1 day after 
start; with brown zone outside, not spotty, 
after a week 

Ring of spots on reverse, 4 mm. from central 
plug 

Ring of brown spots on reverse, fading and dis- 
appearing after a week. Brown ring, not 
spotty, 5 mm. wide, outside MnCOs on sur- 
face 

Well marked only after 21 days (fig. 3) 

Not well marked on surface, a few brown spots 
on reverse 

Brown spots on reverse, not well marked. 

Brown spots on reverse, well marked at 14 days. 
Brown ring on surface not spotty, showing 
clearly outside MnCOa. (This brown ring 
did not appear on a parallel plaque contain- 
ing 0.8 per cent germisan in the total medium) 


* 0 = original; F = final. 

We did not attempt to separate or identify the microorganisms responsible 
for these changes. Apparently Beijerinck (1) is the only worker who has 
attempted this task. 

The precipitated manganic oxide is stained blue by benzidine salts; its 
composition presumably lies somewhere between the limits of Mn 203 and 
Mn02. In some plaques (e.g., pi. 1, fiig. 5) the outermost spots were rust- 
colored and the inner spots were darker brown. 

The upper and lower limits of pH at which biological oxidation occurs for 
several soil types are collected in tables 1 and 2. 
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At pH values above about 8.0 a white precipitate of MnGOs, 2 to 5 mm. 
wide, formed on the surface, immediately outside the central plug. A brown 
ring developed outside this on several plaques on both surface and reverse, 
due to biological oxidation, as was proved by its prevention with germisan. 
At still more alkaline levels biological oxidation did not take place, and a slow 
nonbiological oxidation was shown by the gradual darkening of the precipi- 
tated MnCOa and by a dark cloudiness over the inner plug of MnS04-agar. 

The biological oxidation of manganese is not so greatly affected by increas- 


TABLE 2 

Acid limits of biological oxidation of manganous ion for various soils* 



- 

ACm LIMIT 

REMAEKS 

son. 


pHt 

Time to 
first brown 
spot 

Gambler 


5.6 0 

days 

7-28 

Enormous development after 2 months, on 

Penola 


5.9 0 
'S.6 0 

7-28 

6 

reverse 

Well-marked spots on reverse only, in ring 12 

University 


j^4.8 F 

[6.2 0 
|S.3 F 

5.8 0 

6 

7-28 

mm. from plug 

Two months after incubation. Spots also on 
surface 

Well marked, surface and reverse. Ring 2 cm. 
from plug, gradually extending to outer edge. 
Much mold on surface 

Best marked on reverse: relatively few spots, 

Werribee 

j 

f6.0 0 

[5.7 F 

5.1 F 

3 

5 

very large (5 mm,), uniformly scattered over 
whole of plaque (fig. 2). 

Very well marked (fig. 4), 

Few spots on reverse, gradually increasing in 





number 


* These results were all obtained with artificially acidified soils. Similar results have 


been obtained with naturally acidic soils. 

■^O ~ original; F = final. 

ing acidity as might be expected. According to Wolzogen-Kiihr (8) bacteria 
can oxidize dissolved manganese at pH values between 4 and 5. Our own 
experiments indicate that soil organisms can oxidize manganese, provided 
the initial pH value of the soil-agar plaque is 5.S or more. One acidified 
plaque developed brown spots in a broken ring. This suggested that the 
intervening spaces containing no spots were too acidic for the oxidation of 
manganous ions (which incidentally involves the consumption of hydroxide 
ions). Tests with the glass electrode showed that the pH was 5.1 where the 
brown spots had developed and 4.8 where they had not. 
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APPLICATION TO REACTIONS IN THE FIELD 

One must not assume too readily that these changes in agar plaques repre- 
sent the reactions which take place in the field. The plaques contain 1 part 
of agar to 15 of soil; and this agar provides an unusual environment for the 
microorganisms. A batch of plaques prepared with kaolin as the diluent 
instead of agar gave few positive results. Kaolin plaques present obvious 
difficulties as to aeration. 

Rate of oxidation 

The brown spots develop most rapidly in plaques of pH between 6.0 and 7.5. 
This rate of development is of considerable interest. The concentration of 
bivalent manganese in the soil solution, or as a readily exchangeable ion 
attached to the colloidal material, depends on the relative rates of its libera- 
tion and its removal. The bivalent ion may be liberated by the weathering 
of minerals, the reduction of reactive manganic oxides by organic matter, or 
the decomposition of plant residues and dead microorganisms, which contain 
manganese in organic combination; it may be removed by oxidation, as 
described here, or by absorption into living microorganisms or roots. The 
equilibrium concentration of manganous ions in solution, other things being 
equal, will be decreased as the rate of bacterial oxidation is increased. 

Manganese deficiency disease of oats {gray speck) 

Gerretsen (2, o) has suggested that the maximum incidence of manganese 
deficiency disease on soils between the pH values of 6.5 and 7.5 is connected 
with the ease of microbial oxidation of bivalent manganese within this range. 
Our results appear to give some support to his claim that these two phenomena 
are correlated, although we consider that his upper pH limit of 7.3 to 7.5 for 
microbial oxidation is too low; incidentally, the most important “deficient” 
soil type in Australia, the calcareous soil of Corny Point, South Australia, 
has a pH of 8.0. Bacterial oxidation, however, is only one aspect of this 
problem, and mere rapidity of oxidation of manganous ions is certainly not 
capable of making a soil “deficient.” Some of the densest and most rapidly 
formed rings of manganic oxide appeared on soils which are known to be free 
from any deficiency disease; whereas the soil of Timboon, which was made 
deficient by liming to pH 7.5, gave the poorest development of manganic oxide 
among aU the soils tested. Further, some healthy alkaline soils have been 
shown to contain less exchangeable manganese than do some “deficient” 
soils (4, p. 241). 

The absence of microbial formation of manganic oxide on very alkaline 
soil-agar plaques calls for some comment. The limiting factor here may be 
the removal of bivalent manganese from solution as carbonate etc. Man- 
ganese deficiency disease has rarely been reported from soils of pH value 
above 8.0, and in fact the disease has been alleviated by adding calcium 
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hydroxide to the soil (5, 6). The senior author has founds that the growth of 
oats on “deficient” soil is greatly improved by raising the pH above 8.5 with 
caustic soda. Though this improvement may be due solely to a difference m 
the metabolism of plants growing on highly alkaline soils, it is also conreivable 
that roots can utilize manganous carbonate more readily than manganic oxide, 
and one would expect manganous carbonate to be present m greatest amounts 
in those environments in which it is least soluble and therefore most stable 
that is, at high pH values. Beijerinck (1) used manganous carbonate as the 
source of energy when isolating bacteria and molds which would oxidize 
manganous ions. In this case, however, the environment was on the acid 
side, and therefore it does not concern this last argument. 

SUMMARY 

The microbial oxidation of manganous ions to manganic oxide was studied 
in soil-agar plaques, which were adjusted to various pH values. Brown spote 
due to microbial oxidation were observed on plaques of which the final pH 
ranged from 4.8 to 8.9. 
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PLATE 1 

Soil-Agar Plaques after Incubation with MnS04-AGAR in Central Plug 

Fig, 1. University (surface). Initial pH 7.3, final pH 6.7. 

Fig. 2. University (reverse). Initial pH 5.8. 

Fig. 3. University (surface). Initial pH 8.8, final pH 8.5. 

Fig. 4. University (reverse). Initial pH 6.0, final pH 5.7. 

Fig. 5. Dooen (surface). Final pH 6.6. 

Fig. 6. Cranbourne (reverse). Final pH 6.6. 

(Diameter of each plaque 11 cm., depth 4 mm.) 
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It has been definitely established that algae form one of the components of 
the microbial population of the soil, but comparatively little is known con- 
cerning the importance of algae in soil processes. Certain species are known 
to be able to fix atmospheric nitrogen (1, 5, 6). These algae may, therefore, 
be considered as adding to the supply of nitrogen in the soil. Living and dead 
algae undoubtedly supply to the soil available organic matter which may be 
utilized by other microorganisms. It has been calculated that the total 
average bulk of the algae in the soil may in some cases be as much as three times 
that of the bacteria (4). The importance of algae in supplying oxygen to de- 
veloping rice plants has also received some attention (10); this capacity to 
modify the composition of the soil atmosphere may have wider significance 
than is suspected at present. Considerable emphasis has been placed on the 
symbiosis between nitrogen-fixing bacteria, especially Azotohacier^ and algae 
by means of which the algae are thought to supply the nitrogen-fixing bacteria 
with the carbohydrates necessary for the fixation process and to receive 
nitrogenous compounds in return. This hypothesis, however, has so far not 
been supported by adequate experimental proof. Since many of the soil 
algae lead a hetero trophic existence, they may, to some extent, compete with 
the other soil microorganisms for the available organic compounds. 

On the whole, the algae have received relatively little attention as com- 
pared to the other soil organisms. Despite the fact that the literature on soil 
algae is extensive, the available information must still be considered as frag- 
mentary. Little is known of the effect on the algal population of the soil of 
such important environmental factors as season of year, pH value of soil, 
moisture and organic matter contents, and the interrelationships of algae and 
other soil microorganisms with which they are in constant contact. The 
following experiments were designed with a view to obtaining answers to these 
■questions. 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 
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EEFECT OF FERTILIZE!. TREATMENT AND SEASON OF YEAR 

An investigation of the effect of fertilizer treatment and season of year on 
algae and other microorganisms was made on some of the soils of the experi- 
mental plots at the N. J. Agricultural Experiment Station. These plots had 
been used for 30 years for comparing different sources of nitrogen in a 5-year 
rotation of corn, oats, wheat, and 2 years of timothy. During the period of 
this experiment, com was growing. The soil is Sassafras loam which had been 
neglected previous to 1908. The A plots have been without lime during the 
entire period. The B plots have been limed at the rate of 2 tons to the acre, 
ground limestone or ground oyster shells being applied at intervals of 5 years. 
The particular plots chosen for this experiment had received the following fer- 
tilizer treatments: 


PLOT NUMBER 

TREATMENT 

A 

UNLIMED 

B 



pH 

pH 

5 

Minerals* and cow manuref 

5.09 

6.36 

7 

Nothing 

4.33 

6.26 

11 

Minerals and ammonium sulfate f 

3.88 

5.27 


* Superphosphate 320 pounds and muriate of potash 160 pounds per acre. 
1 16 tons per acre. 

t Equivalent to 320 pounds of nitrate of soda. 


At Stated intervals, extending from June 24, 1938 to January 25, 1939, these 
plots were sampled and analyzed for numbers of algae, bacteria, actinomy- 
cetes, and fungi. The methods used were as follows: Three samples were taken 
from each plot to a depth of 6 inches. These were sieved and thoroughly 
mixed. The algae in the soil samples obtained on June 24 were counted by 
means of the method recommended by Bristol Roach (13). This method was 
found to be extremely tedious and cumbersome, because of the large numbers 
of dilutions required for each count. The dilution method of Skinner (12), 
making use of the algal medium of Bristol Roach, was then tried and found to 
be satisfactory. The method requires three dilutions of the soil, the degree of 
dilution depending upon the number of algae likely to be present in the soil. 
As a rule, dilutions of 1-1000, 1-10,000, and 1-100,000 were found to be 
adequate. Ten replicate 1-cc. portions of each of the three dilutions were 
inoculated into test tubes containing 5 to 10 cc. of sterile algal medium. The 
cultures were then incubated in the light: during the first part of the experi- 
ment, under electric lights; later, in a greenhouse. After incubation for a 
month or longer, the tubes in which algal growth had appeared were recorded, 
and from these data the probable numbers of algae per gram of soil were cal- 
culated by means of the probability tables of Halvorson and Ziegler (9). 

Egg-albumin agar was used for plating bacteria and actinomycetes, and 
peptone-glucose acid agar for fungi. 
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111 order to simplify the discussion of the results, a composite table (table 1) 
was made of the pertinent data. The counts of fungi were not included, since 
they contributed little of special significance. Generally, fungi were present 
in greater abundenice in the unlimed plots than in the limed. An examination 
of the results indicated that nothing could be gained by considering the bacteria 
and actinomycetes separately, and, therefore, their numbers were added to- 
gether and reported as a single value in the table. 

Liming had apparently little effect on the numbers of algae in plot 5B as 
compared to plot 5 A. The soil samples taken from plot 5 A on June 24, 
August 4, October 31, and January 25 contained a somewhat greater algal 
population than those taken from plot 5B, whereas 5B contained a slightly 
greater number of algae than 5A at the remaining two periods of sampling. 
The algal counts for both plots on June 24 and August 4 were too low to warrant 
comparison. Exclusion of these two periods leaves only the fourth period dur- 

TABLE 1 


Effect of fertilizer treatment and season of year on numbers of algae and other microorganisms 

in soil 

Numbers per gram of oven-dry soil 


Soil 

SA 

1 KB 

1 7A 

7B 

ilA 

IIB 










§ 


o 


o 




§ 


§ 

Date 

Algae 

+X 


+x 

Algae 


Algae 


Algae 


Algae 



Bact 

Act 

Algae 

pq 

W 

pn 

Bact. 

Act 

Bact. 

Act 

June 24 

1 

174 

5.8 

32 

4.5 

1 

4,792 

1.3 

2,357' 

5.7 

6,034 

2.4 

■ ! 

28,327 

3.7 

Aug. 4 

7,711 

8.2 

3,000 

10.2 

6,458 

1.4 

^ >100,000 

10.8 

14,400 

2.2 

>100,000 

3.1 

Aug. 30 
Oct. 31 

18,800 

8.2 

18,900 

9.7 

18,900 

3.1 

33, 150 
38, 100 

6.2 


3.1 


6.5 

23,650 

15.6 

11,200 

12.4 

17,700 

1.5 

10.8 

8,900 

2.2 

11,600 

11.5 

Dec. 13 

59,000 

6.2 

62,500 

11.4 

85,400 

1.9 

212,000 

8.1 

>230,000 

3.9 

144,200 

18.3 

Jan. 25 

37,200 

10.6 

26, 200 

12.2 

85,400 

2.5 

110,400 

4.0 

13,400 


>230,000 

10.5 


ing which soil 5A, with 23,650 algae per gram, had a distinctly higher flora than 
soil 5B, which contained 11,200 algae per gram. Liming, also, had no clear 
cut effect on the numbers of bacteria and actinomycetes present in these soils. 

In the case of plots 7 A and 7B, which had received no fertilizer or manure, 
the effect of liming was marked. Except for the first period, when the numbers 
of algae in both plots were low, the plot receiving lime (7B) had a distinctly 
greater algal population than the unlimed plot (7A). The difference between 
the two plots was most marked on August 4 when the number of algae in plot 
7B was over 100,000 per gram, as compared to 6,458 per gram of soil in plot 
7A, and on December 13 when there were 212,000 algae per gram of soil 7B 
and only 85,400 per gram of soil 7A. Liming, also, greatly affected the bac- 
terial numbers; these were much higher in the limed plots at all periods of 
sampling. 

Plots IIA and ilB, which had received minerals and (NH4)2S04, showed 
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differences similar to those observed in plots 7 A and 7B. The limed plots, 
generally, had a greater algal population than the unlimed plots. This was 
clearly indicated on June 24, August 4, and January 25, when the algal popula- 
tion in soil 1 IB was about 4 to 20 times as great as that in soil llA. The only 
time this relationship was reversed was on December 13. At this time, al- 
though the algal counts in both plots were high, soil llA contained more than 
230,000 algae per gram as compared to 144,200 algae in soil IIB. Liming was 
also beneficial to the bacterial population, since, in all cases , higher counts 
were obtained from plot IIB than 11 A. 

To compare the effect of fertilizer treatment on the algal and bacterial 
populations of the various plots, it is best to compare the unlimed and limed 
plots separately. On examining the numbers of algae from the unlimed plots 
it becomes evident that in five examinations, either soil 7 A, which had re- 
ceived no fertilizer, or 11 A, which had received minerals and (NH 4 ) 2 S 04 , had a 
greater algal population than 5A, which had received minerals and cow ma- 
nure. The only exception occurred on October 31, when plot 5 A contained a 
somewhat higher algal population than 7 A and 11 A. The generally smaller 
algal population of soil 5A may be due to the added organic matter, which 
may, as will be shown in a later experiment, exert an inhibitory effect on algal 
development. There were no consistent differences between soils 7 A and 11 A, 

The algal population of soil 5B was also much smaller than that of 7B or 
ilB, in practically all cases. These differences were greater than in the un- 
limed plots. For example, on January 25 soil 5B contained 26,200 algae per 
gram as compared to 110,400 in 7B and more than 230,000 in IIB. As was 
observed in the unlimed plots, there was no consistent difference between the 
numbers of algae in soils 7B and IIB. 

In the unlimed plots there was an inverse relationship between the algae 
and bacteria (including actinomycetes). Soil 5 A, with the smallest algal 
population, had the greatest number of bacteria and actinomycetes. In the 
limed plots, however, this relationship did not hold, since soil 5B, with a 
much smaller algal population than either soil 7B or IIB, did not contain 
significantly more bacteria and actinomycetes. 

Temperature and moisture are very important factors in the development of 
algae, just as they are in the growth of other microorganisms. Insofar as the 
season of the year reflects a certain status of these two important environ- 
mental factors, it exerts a profound effect on the development of algae in the 
soil. Much more data than those presented here would be necessary before 
an attempt could be safely made to correlate the numbers of algae found at 
any one time in the soil with the season of the year. A few indications to be 
derived from the present data, however, are particularly suggestive. 

The algal population was greater in all plots on August 4 than on June 24. 
Marked increases were found, especially in plots 7B and IIB, which contained 
more than 100,000 algae per gram at the later date, as compared to the 2,357 
and 28,327, respectively, found on June 24. An examination of the officia] 
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weather reports for this period showed that, during the month of July, rain fell 
on 18 days and the total precipitation for the month was 7.77 inches, 4.05 
inches above normal. This may well account for the larger algal populations 
on August 4, since the moisture conditions preceding the sampling period had 
been particularly favorable for algal growth. Another sharp increase in 
numbers of algae was observed on December 13. Large increases occurred in 
all of the plots. The weather reports show that, on November 12, 6 inches of 
snow fell. This blanket of snow, by keeping the soil moist and warmer than 
the surrounding atmosphere, probably created conditions favorable for algal 
development. On January 25, all the plots were covered with about 6 inches 
of snow; underneath this layer of snow, the soil was moist and algal population 
in most of the plots was higher than during the first four periods of sampling. 

These results suggested the advisability of a closer study of the effect of 
moisture, pH, and organic matter on soil algae, under carefully controlled 
experimental conditions. 

INFLUENCE OF MOISTURE 

Although it is generally recognized that moisture is an important factor in 
the development of soil algae, very little direct experimental evidence is avail- 
able concerning this effect. Esmarch (7) attributed the greater number of 
Cyanophyceae in cultivated soils than in uncultivated soils to the fact that cul- 
tivation, by improving the physical structure of the soil, brought about better 
nutritive and moisture conditions for algal growth. Bristol (3) studied the 
effect of desiccation upon algae. Soils obtained from arable land and from 
old gardens were spread out to dry in a warm room for at least a month. De- 
spite the long period of desiccation, the soils were found to contain 64 species 
and varieties of algae consisting of 24 species of Cyanophyceae^ 20 species of 
Chlorophyceae and 20 species of Bacillariae (diatoms). Bristol (2) also re- 
ported that she was able to isolate a species of blue-green algae, 4 grass-greens, 
and 1 diatom from dry soil stored for about 40 years. Fritsch (8) pointed out 
that a striking characteristic of terrestrial algae is the capacity of the ordinary 
vegetative cells, without any marked change and without special thickening 
of the walls, to withstand drought. Moreover, the change from the resting to 
the active condition was found to occur in a very short time, apparently 
because the terrestrial algae required only small amounts of moisture to replace 
that lost by the protoplast in drying. 

Although these investigations indicate that many soil algae are resistant to 
desiccation, they give no idea as to how algae respond to varying moisture 
levels in soils. That the moisture content of the soil is an important factor in 
algal development was indicated in the previous experiment on the algal flora 
of the experimental plots, since periods of rain or snow brought about sharp 
increases in the numbers of algae. Further enlightenment on this question 
was sought in the following experiment. 

Soil from plot 7B was air-dried, sieved, and placed, in 1-kgm. quantities, in 
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each of six suitable glazed earthenware pots. One pot of soil was left un- 
treated; the moisture levels of the soils in the remaining five pots were adjusted 
to 20, 40, 60, 80, and 100 per cent of the moisture-holding capacity; that of the 
original soil was 36.6 per cent. The pots were covered with glass to keep out 
atmospheric contaminants and incubated in the laboratory at room tem- 
perature under electric lights. Calculated amounts of water were added each 
day to compensate for losses of moisture due to evaporation. 

Within 6 days, a surface growth of algae became visible macroscopically on 
the soils brought to 40, 60, and 80 per cent of the moisture-holding capacity. 
Of these three soils, the first appeared to have the most abundant algal growth; 
and the last, the least. There was no apparent algal growth on the surface 
of the other soils. After 8 days’ incubation, the relative growth in the dif- 
ferently treated soils was the same as after 6 days, but it was more abundant. 
After 13 days’ incubation, the surface of the soil in each pot to a depth of 1 

TABLE 2 


EJ'ecl of moisture upon growth of soil algae 
Numbers per gram of dry soil 


SAXTJaATION 03? SOIL pCT Cent 

AIR-D351Y 

20 

40 

60 

80 

too 

Surface soil 

Bact. + Act., X10« 

Algae 

10.0 j 

43,400 1 

11.8 

58,400 

14.0 

500,000 ^ 

18.2 1 
548,000 

26.8 

325,000 

] 

6.3 

67,500 

Subsurface soil 

Bact. + Act, X10« 

Algae 

9.1 

46,000 

15.0 

270,000 

19.2 

; 300,000 

14.1 

170,000 

15.7 

110,400 


cm. and the subsurface soil were analyzed for numbers of algae, bacteria, and 
actinomycetes by the usual methods. The results are given in table 2. 

The results for the surface 1 cm. of soil show clearly that the optimum mois- 
ture range for algal development lies between 40 and 60 per cent of the mois- 
ture-holding capacity. The greatest number of bacteria and actinomycetes was 
found in the 80 per cent soil. On either side of the optimum range, smaller 
numbers of algae and usually also of bacteria and actinomycetes were found. 
At 100 per cent saturation, the soil contained about the same number of algae 
as the air-dry soil. There was a smaller difference in numbers of algae be- 
tween 60 and 80 per cent saturation than between 40 and 20 per cent satura- 
tion, which indicates that moisture in excess of the optimum is less detrimen- 
tal to algal growth than are moisture levels below the optimum range. 

In the subsurface soil, the same relationships held true as in the surface soil; 
the optimum range for algal development was between 40 and 60 per cent 
saturation, although the total numbers of algae were smaller than in the surface 
soil. The numbers of bacteria and actinomycetes were also greatest within 
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this range. At moisture levels on either side of the optimum range, the soil 
contained fewer microorganisms. 

EFFECT OF PH 

It is reasonable to expect that the pH of a soil will influence the growth of its 
algal flora, just as it is known to affect the other microorganisms in soil. 
Petersen (11) has reported, for example, that the algal flora in acid soils is 
different from that found in alkaline or neutral soils. It was also previously 
shown that the experimental plots which had received lime, have, as a rule, a 
more abundant algal flora than the unlimed plots. 

In the following experiment, cultivated Sassafras loam having a pH of 4.2 
was air-dried, sieved, and distributed in 200-gm. quantities into a series of six 
tumblers. One was left as control, and the remainder were treated with vary- 
ing amounts of Ca(OH )2 in order to bring them to different pH levels. All 

TABLE 3 


Efect of fE upon the growth of algae in soil . 


Ca(0H)2 ADDED 

INITIAL pH 

SXJEEACE GSOWTH 

sxjbsueeace growth* 

AJlCtAE I 

Algae 

Bact. + Act, X lOfi 

gm. 

None 

4.2 

+ 

19,700 

2.2 

0.123 

5.3 


17,000 

1.9 

0.245 

5.9 

++ + 

120,000 

5.5 

0.318 

6.3 

++ + 

14,000 

7.0 

0.392 

7 A 

++++ 

34,600 

14.2 

0.490 

7.6 

+ + + + 

34,900 

23.4 


* Numbers per gram moist soil. 


soils were brought to the optimum moisture content with distilled water, 
covered with glass to keep out contaminations, and incubated under artificial 
light. Water was added each day to compensate for evaporation. 

After 2 months of incubation, the differences in the surface algal growths in 
the various tumblers were so apparent, macroscopically, and in some cases so 
luxuriant that they were recorded by direct observation rather than by the 
culture method. The subsurface soils, however, were analyzed for algae, 
bacteria, and actinomycetes by the usual methods. The results are recorded 
in table 3. 

The surface growth of algae was greatly affected by the pH of the soil. At a 
pH of 4.2 there was only scant development of algae. As the pH of the soil 
was raised to 7.6 a marked gradual increase in algal growth was observed. At 
pH 7.4 and 7.6, a very luxuriant algal development took place. 

In the subsurface soil, the effects of altering the pH were irregular. Al- 
though the soil at pH 5.9 contained many more algae than at pH 4.2, the rest 
of the soils at the higher pH levels showed little or no increases in numbers of 
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algae. Since the algae in the subsurface soil must depend upon preformed 
organic materials for their nutrition, lack of an adequate food supply was 
probably a limiting factor, despite the favorable reaction of the medium. The 
numbers of bacteria and actinomycetes increased greatly as the pH of the soil 
was raised. 

These results tend to support the previous findings on the soils of the ex- 
perimental plots that liming may have a marked beneficial effect upon the 
growth of algae as well as of bacteria and actinomycetes. 

EFTECT OE ORGANIC MATTER 

It is a well known fact that most algae, in the absence of light and in the 
presence of organic compounds, are able to live heterotrophically. One may, 
therefore, expect that the addition of organic matter to soil will influence the 
algal population, either directly or indirectly, by affecting the remaining micro- 
bial flora with which the algae would compete for food. The following experi- 
ment was outlined in order to obtain some understanding of the influence of 
organic matter on the algal flora of soil and the possible related influences to 
the development of other soil microorganisms. 

Unfertilized but limed soil from plot 7B was used. The air-dry, sieved soil 
was placed, in 1200-gm. amounts, into each of 16 glazed earthenware pots. 
The pots were divided into two series, each consisting of eight different treat- 
ments, as follows: 

Pot Number Treatment 

1 Nothing added 

2 Dextrose, 1 per cent 

3 Cellulose, 1 per cent 

4 Cellulose, 1 per cent + 21 mgm. nitrogen as NH 4 H 2 PO 4 

5 Alfalfa, 1 per cent 

6 Straw, 1 per cent 

7 Straw, 1 per cent 4 - 21 mgm. nitrogen as NH4H2PO4 

8 Manure, dry, 1 per cent 

The organic materials were thoroughly mixed with the soil, and sufficient 
distilled water was added to bring the soil to the optimum moisture level. 
The pots were covered with glass to prevent external contamination. One 
set was placed in the dark in a 28°C. incubator, in order to study algal de- 
velopment under purely heterotrophic conditions; the algae were thus placed 
in direct competition for nutrients, including energy supply, with the other 
heterotrophic microorganisms. The other set was placed in a greenhouse and 
exposed to diffuse daylight; under these conditions, the algae could develop 
as autotrophs on the soil surface, whereas organic compounds were still neces- 
sary for the growth of algae in the subsurface soil. At weekly intervals, the 
pots were weighed, and water equal to the amount of moisture lost by evapora- 
tion was added. The variously treated soils were analyzed for abundance of 
algae, bacteria, and actinomycetes by the usual methods. The soil was re- 



moved from each pot, thoroughly mixed, and sampled. Figure 1 represents 
the growth of microorganisms in the light; and figure 2, in the dark. 

Growth in the light 

In the light, the number of bacteria and actinomycetes in the control soil 
remained at a fairly constant level throughout the incubation period, though 
slightly above the number originally present. The algae, on the contrary, 
increased greatly and, after 35 and 179 days, 230,000 per gram of soil were 
present as compared with the initial number of 27,500. 
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Fig. 1. Effect of Organic Matter upon Development of Algae and Other Micro- 
organisms IN Soil in the Light 

In the soil containing dextrose, although for some unknown reason the in- 
crease in numbers of bacteria and actinomycetes was much slower than 
might have been expected, high counts of 146 x IG® per gram were obtained 
after 35 and 59 days. After 179 days, the count had dropped to 63 x 10®. 
Up to the last incubation period, growth of algae was repressed, the numbers 
being less than at the beginning. A tremendous increase in algae was found 
after 179 days; this accompanied a sharp decrease of bacteria and actinomy- 
cetes. 

The soil treated with cellulose showed a gradual increase in the numbers of 
bacteria and actinomycetes. The algae also increased during the early periods 
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of incubation^ but later, as the bacteria and actinomycetes continued to mul- 
tiply, the algal numbers decreased until, after 179 days, fewer algae were pres- 
ent in the soil than at the beginning of the experiment. 

The soil treated with cellulose and nitrogen also showed an increasing popu- 
lation of bacteria and actinomycetes throughout the incubation period. Their 
numbers were somewhat higher than those in the sod which received cellulose 
alone, undoubtedly because of the favorable effect of the added nitrogen. In 
the beginning, the algae also increased to a greater extent than in the soil 
treated with cellulose alone. As the bacteria and actinomycetes continued to 

CONTROL DEXTROSE CELLULOSE CELLULOSE NH4 Hi PO4 
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Fig. 2. Effect of Organic Matter upon Development of Algae and Other Micro- 
organisms IN Soil in the Dark 

increase, the algal population decreased, and at the end of the incubation 
period, it was at about the original level. 

The addition of alfalfa brought about the development of large numbers of 
bacteria and actinomycetes. After 20 days of incubation and until the end of 
the experiment, a gradual decrease occurred. The algae, as a rule, increased 
continuously, and the greatest number, 230,000 per gram of soil, was present 
at the conclusion of the experiment. This was no doubt due to an increase 
in the available nitrogen and minerals, resulting from the decomposition of the 
alfalfa. 

The soil treated with straw showed, at first, an increasing population of 
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bacteria and actinomycetes, which later declined somewhat. The algae in- 
creased regularly, and at the end of the experiment, about a sixfold increase 
over the number originally present in the soil was found. 

The addition of straw and nitrogen resulted m the production of a microbial 
sequence similar to that which occurred when straw alone was added to the 
soil, but the numbers of bacteria and actinomycetes were somewhat higher and 
those of algae somewhat lower. The algae increased slowly, the greatest 
number being present at the end of the experiment. 

The addition of stable manure to soil brought about an increase of bacteria 
and actinomycetes. After 20 days, the numbers of these two groups of or- 
ganisms decreased. The algal population increased continuously, and more 
than 230,000 per gram of soil were present after 179 days of incubation. 

These results can be interpreted as follows. In the control soil, the hetero- 
trophic microorganisms failed to multiply appreciably because the supply of 
available food was limited. The algae, on the other hand, being able to pro- 
duce their own food photosynthetically on the surface of the soil, were not so 
limited and, therefore, multiplied. The addition of dextrose to the soil brought 
about a profound change in the relation between the heterotrophic and the 
autotrophic microorganisms. With an abundant supply of food (dextrose) 
available to the algae as well as to the heterotrophs, the latter increased tre- 
mendously, whereas the growth of the algae was greatly repressed. Since 
conditions of light, temperature, and moisture were the same as in the control 
soil, the inhibition of algal growth appears to be due to some factor, possibly 
nitrogen, which in this case became limiting as a result of the extensive growth 
of bacteria and actinomycetes. This is supported by the fact that the algae 
increased rapidly when the heterotrophic organisms had decreased appreciably, 
and also by the results obtained from the soils to which cellulose and cellulose 
plus nitrogen had been added. In the latter cases, during the early periods of 
incubation, the bacteria and actinomycetes did not multiply to a very great 
extent. Conditions were, therefore, similar to those in the control soil, and as 
a result the algae multiplied. As the bacteria and actinomycetes continued to 
increase in numbers, however, a condition resembling that in the soil treated 
with dextrose resulted, and the algal population decreased. 

In the soils that received alfalfa, straw, straw plus nitrogen, and manure, 
the algal population, as a rule, increased continuously throughout the incuba- 
tion period, whereas the bacteria and actinomycetes increased to high levels 
at first, but later declined somewhat. These results were in contrast with 
those obtained in the previous soils in which extensive multiplication of hetero- 
trophic organisms markedly restricted algal growth. If it is assumed that 
nitrogen became the limiting factor for the growth of algae in the presence of 
actively multiplying bacteria and actinomycetes, then most of these results 
can be readily explained. It is well known that alfalfa and manure have a 
high enough nitrogen content so that during microbial decomposition, nitrogen 
is liberated. In those soils, therefore, that received these organic materials, 
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despite the extensive growth of bacteria and actinomycetes, the algae continued 
to multiply since nitrogen was always available. Sufficient nitrogen was prob- 
ably also present in the sod receiving straw plus nitrogen, and, in this case, 
algal growth was not inhibited. In the soil that received straw alone, the 
algae multiplied continuously. Although one can expect that the addition of 
straw will bring about a condition of nitrogen starvation in soil, yet the rate of 
decomposition of this material is relatively slow as compared, for example, 
with the decomposition of dextrose. The small amounts of nitrogen that 
probably were available at any one time may have been sufficient for the algal 
growth produced. Most of the algal development occurred when the numbers 
of bacteria and actinomycetes were decreasing, a process which undoubtedly 
resulted in the liberation of some available nitrogen. It is also possible that, 
in all of the treated soils, competition for other essential elements, such as phos- 
phorus and potassium, and the formation of toxic substances by the other 
microorganisms may have played a part in limiting the growth of algae. 

On the whole, the control soil which had not received any organic matter 
had a greater algal population than those soils which had received the various 
types of organic matter. There are some indications that the residual effects 
of organic matter decomposition favored algal development, since, after 179 
days, the soil that received dextrose and manure had a greater number of 
algae than the control soil. 

Growth in the dark 

The results presented in figure 2 substantiate the fact that algae can mul- 
tiply to some extent in the dark, as has been shown by Skinner (12). Most of 
the increases, however, were of a much smaller order of magnitude tian that 
which occurred in the soils kept in the light where photosynthetic activity was 
possible. The addition of dextrose repressed algal growth as it did in the soil 
kept in the light, with the important difference that in the dark, the algae did 
not increase after the numbers of bacteria and actinomycetes had declined. 
The satnp phenomenon was noted in the soils treated with alfalfa, straw, straw 
plus nitrogen, and manure. In the soils treated with cellulose and cellulose 
plus nitrogen, low numbers of algae appeared to be correlated with high num- 
bers of bacteria and actinomycetes as was the case in the light. 

These facts indicate that a lack of an adequate food supply, as well as com- 
petition, in some cases, for nitrogen or other essential elements limited the 
growth of algae in the dark even though various types of organic matter were 
present. If the added organic materials or the decomposition products formed 
from them through the activity of the bacteria, actinomycetes, and fungi were 
readily available as food sources for the algae, marked increases in numbers 
should have occurred at some time during the incubation period. Such in- 
creases, however, did not occur. On the whole, there was little difference be- 
tween the numbers of algae in the control soil and in the soils that received the 
organic materials. Where small differences occurred, the smaller numbers of 


ESTFLUENCE OE ENVIRONMENT ON DEVELOPMENT OF ALGAE 


183 


algae were to be found, mainly, in the treated soils. These results make it 
seem doubtful that heterotrophic nutrition is an important factor in the de- 
velopment of algae in soil. There are too many other microorganisms in the 
sofl that are better adapted than the algae to this type of nutrition. The 
ability to utilize organic matter to a small extent may enable the algae to exist 
in the subsurface soil, but significant activity probably does not occur except 
at the very surface where light is available for photosynthesis, which appears 
to be essential for extensive algal development. 

It is interesting to observe that the inhibitory effect of organic matter on the 
algal population as noted in this experiment parallels the previous observations 
on the field soils, where it was found that fewer algae were present in the 
manured soils than in the unmanured. 

SUMMARY AND CONCLUSIONS 

In the experimental plots it was found that, with the exception of the plot 
receiving stable manure, liming had a definitely beneficial effect upon the 
development of algae as well as of bacteria and actinomycetes. The plots 
receiving stable manure and minerals had smaller algal populations than the 
plots which did not receive any treatment or those that received minerals 
and nitrogen in the form of ammonium sulfate. No consistent differences 
could be found between the latter two treatments. There were clear indica- 
tions that after periods of rain or snowfall, the algal population of the plots 
increased as a result of more favorable conditions of moisture. 

The amount of moisture in soil had a decided effect on the growth of the 
algae. The optimum moisture range for the growth of algae was essentially 
the same as that for the bacteria and actinomycetes, namely, 40 to 60 per cent 
of the moisture-holding capacity of the soil. An excess of moisture was less 
detrimental to algal growth than was suboptimum moisture. This applied to 
both surface and subsurface soils. A high moisture content of the very surface 
of the soil affected algal development more than did a similar moisture content 
below the surface, since it is at the surface that the algae are able to utilize 
radiant energy, whereas they must live as heterotrophs below the surface. 
This suggests that extensive development of algae on the soil surface is con- 
fined to special periods or special conditions and that there may be periods of 
rapid development followed by periods of relative inactivity. 

As the pH of a soil was raised from 4.2 to 7.6 by the addition of Ca(OH) 2 , a 
marked, gradual increase in algal growth on the surface was noted. In the 
subsoil, the effects of altering the pH were irregular. The numbers of bacteria 
and actinomycetes increased greatly with increase in the pH of the soil 

In the presence of light, the addition of organic matter inhibited, partially 
or completely, algal growth during the period of active decomposition of the 
organic matter by the bacteria and actinomycetes. The extent of the effects 
differed with the type of organic matter added. Inhibition appeared to be 
due to competition for essential elements, largely nitrogen and possibly others, 
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which the bacteria and actinomycetes were able to utilize more rapidly than 
were the algae. Other factors such as unfavorable effects of specific organic 
substances, deficiencies of oxygen, and definite antagonisms, may also have 
played a part. After active microbial decomposition had slowed down and 
the bacteria and actinomycetes had begun to die off, extensive algal growth 
occurred. 

In the absence of light, even though various types of organic substances were 
present, algal development was restricted because, under these conditions, at 
least two limiting factors were in operation: first, unfavorable competition for 
essential elements, at least in some cases; and second, lack of an adequate food 
supply, since the added organic substances and products resulting from their 
decomposition could be utilized by the algae either not at all or only to a small 
degree. Even after the bacteria and actinomycetes had decreased in numbers, 
the algae failed to multiply extensively, since they were still limited by a lack 
of available food. 
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A peculiar new capsulated bacillus was isolated from arable soil during soil 
fertility tests by the Winogradsky Azotobacter method (6). This bacillus 
grows rapidly at 28°C. on agar plates with nitrogen-free Ashby medium, form- 
ing large convex colonies resembling hemispherical glass beads (fig. 1). The 
colonies are tough and are difficult to separate from the medium. Microscopic 
preparations show the presence of sporulating bacilli enclosed in large well- 
defined and separate capsules. 

There are numerous descriptions of capsulated bacteria in the literature, and, 
in fact, nearly all bacteria produce some polysaccharide capsular substance. 
Only two brief notes, however, refer to bacteria which might be similar to the 
organism just isolated from soil. Krzemieniewski (5) when studying Azoto- 
bacter also saw colonies of some bacteria which he described as follows: “Neben 

diesen konnte man stets stark wachsende, spharisch-konvexe fast wie Wasser- 
tropfen durchsichtige Kolonien beobachten.’’ Winogradsky (7) also isolated 
from soil a bacterium {Bacille gommeux) very similar to the one described 
herein, with the difference that the organism isolated by him produced a uni- 
form slime in which were distributed the capsulated bacilli, whereas the cap- 
sules of Bac, Krzemieniewski are well defined and clearly visible in microscopic 
preparations. Much of the work on capsulated bacteria and the biochemistry 
of the capsular substance has been reviewed, among others, by Buchanan and 
Fulmer (3) and by Mikulaszek (6). Greig-Smith (4), who studied a number 
of gum-producing organisms, has suggested that these capsulated bacteria 
may be of importance in the microbial processes in soil. 

DESCRIPTION OE BAG. KRZEMIENIEWSKI 
Morphology 

The size of the cells without capsules is 3.0-4.0 x 1.0/z, with capsules 6.0-7.5 x 
5.S“6.0ju. In older cultures the spores are numerous and after formation are 
enclosed, at least for a time, within the capsules. The size of the spores is 
almost constant, 2.0 x l.Oju (fig. 2). 

^ During the course of these investigations, A. G. Norman was at the Rothamsted Experi- 
mental Station. 
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Staining 

These organisms seem always to be Gram-negative irrespective of the nature 
of the medium. This is somewhat unusual, inasmuch as spore-forming or- 
ganisms are commonly Gram-positive. The vegetative cells rarely stain 
uniformly. Usually there are one or two easily stained transverse chromatin- 
like bands in each cell (fig. 3). If stained by the Neisser method for volutine, 
small deeply stained granules appear in place of bands (fig. 4). With Giemsa 
stain the protoplasm appears blue, the bands dark blue, and the capsule light 
pink. The capsules are always well defined and stain distinctly with dyes 
(fig. 5). The chromatin bands appear to participate in cell division, and as 
the first stage in division, the band which is usually centrally placed splits 
in two lengthwise, and each half goes to a young cell (1). 

Growth 

The growth on solid media containing easily available sources of carbon and 
only traces of organic or mineral nitrogen is very distinctive. Large hemi- 
spherical colonies, 5-10 mm. in diameter, appear in form resembling glistening 
glass beads (fig. 1). The colonies are firm but resilient and adhere strongly to 
the medium. On liquid Ashby medium the growth is very poor, but the addi- 
tion of sterilized soil solution results in rapid growth and the production of 
much capsular substance. The addition of 20-25 per cent of soil extract to 
either solid or liquid Ashby medium appeared to promote the best conditions 
for growth. The mannitol in the Ashby medium may be satisfactorily replaced 
by glucose and several other carbohydrates. The colony appearance on other 
media is less distinctive, as follows: 

On nutrient agar slants, gelatinous growth. 

On agar stab tubes, growth only on the surface. 

On nutrient broth, thick gelatinous scum is formed. 

On peptone water, growth similar to that on nutrient broth. 

Gelatine stab, mucilaginous growth on surface and liquefaction of gelatine. 

On potato, grayish fluid growth, microscopic examination shows absence of typical 
capsules and apparent degeneration of cells with some spirillum-shaped forms 
(fig. 6). 

On milk, very slow growth, coagulation without formation of acid, very slow peptoni- 
zation. 

Some variation in the extent of formation of capsules was observed on 
different media, the carbon and nitrogen sources being changed. 

As a basic medium the following mineral solution was used: 0.5 gm. K2HPO4, 
0.2 gm. MgS 04 , 0.2 gm. NaCl, and 1 liter of tap water. Mannitol (1 per cent) 
was the carbon source employed when different sources of nitrogen were tested. 
The following nitrogen sources were used: KNO3, KNO2, (NH4)2S04, peptone, 
asparagine, broth, horse blood serum. Since it was observed that this bacillus 
grows well on media containing small quantities of nitrogen, all the nitrogen 
sources tested were added in two concentrations, 0.1 and 0.01 per cent. One- 
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liundred-miliiliter round flasks were filled with 50 ml. of medium, sterilized, 
and inoculated with two drops of culture grown on a medium containing aspara- 
gine as source of nitrogen. The inoculated media and all controls were incu- 
bated for 12 days at 28°C. The viscosity of the culture was taken as a measure 
of the growth and formation of bacterial slime (2). This was determined by 
recording the time necessary for the delivery of the first 5 ml. of culture from a 
10-mL standard pipette (table 1). 

TABLE 1 


Influence of diflferent nitrogen sources on the formation of capsular material by 
Bac, Krzemieniewski 


SOURCE OF NITROGEN AND PERCENTAGE CONCENTRATION 

AVERAGE TIME OF DELIVERY OP 5 ML. 



Strain A 

Strain B 

KNO 3 \ 

^ 0.1 

seconds 

2.0 

seconds 

2.0 

[ 0.01 

3.1 

2.4 

KNO 2 1 

lO.l 

2.0 

2.1 

to . 01 

3.7 

3.1 

(NHO^SOi 1 

^ 

fo.l 

2.0 

2.0 

10.01 

2.0 

3.4 

Asparagine | 

fo.l 

3.7 

4.2 

10,01 

2.2 

2.4 

Peptone | 

S. 

' 0.1 

3.6 

2.7 

to. 01 

3.4 

2.4 

Broth 1 

^ ♦ • . . 

'1.0 

2,4 

2.4 

tO.l 

2.8 

2.9 

Blood serum | 

^ 

fo.l 

2.2 

2.0 

10.01 

2.0 

2.0 

No added nitrogen, inoculated 

2.5 

2.2 

Nn fl.dflpd nifrno-pn. nninnnilatp.HI 

2.0 

2.0 


® ’ j 


In one of the flasks to which nitrate had been added, the bacillus (original 
strain A) lost its capsulated habit, and even after several transfers into media 
more suitable for the formation of capsules, these did not again appear. 
Growth of this new variety (strain B) as aflPected by different nitrogen sources 
was measured in the same way as that of strain A. 

With strain A, 0.01 per cent KNO 2 , 0.1 per cent asparagine, and 0.1 per cent 
peptone gave the highest viscosity; in some cases growth and viscosity were 
less than in the inoculated control flasks without added nitrogen. Strain B 
behaved somewhat differently from strain A. 
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Agglutination experiments with strain B without capsules gave results simi- 
lar to those with the original capsulated strain A, since antisera produced by 
immunization of rabbits with strain B, as well as those produced by immuniza- 
tion with strain A, agglutinated both strains. In all cases the new strain 
without capsules agglutinated more strongly, that is, at higher dilutions of 
antisera, than the original strain (table 2). 

The effect of different carbon sources was tested in the same way as that of 
nitrogen sources, the basic medium being the salt solution already described, 
to which was added 0.01 per cent peptone as nitrogen source. The following 
carbon sources were added at a concentration of 1 per cent: starch, dextrin, 
sucrose, lactose, maltose, dextrose, levulose, arabinose, xylose, mannitol, and 
glycerol. A different pipette was used for the determination of rate of flow, 
and the delivery time for 5 ml. of uninoculated control medium was 6.6 seconds 
(table 3). 

TABLE 2 


Results of agglutination experiments* with Bac. Krzemieniewski 


ANTISERUM PRODUCED BY 

NUMBER OF SERUM 

AGGLUTINATIO 

Strain A 

N TITERS WITH 

Strain B 

[ 

1 

1:400 

1:800 

Strain A { 

2 

1:800 

1:1600 

1 

3 

1:800 

1:16000 

r 

4 

1:100 

1:800 

Strain B | 

5 

1:800 

1:1600 

i 

6 

1:400 

1:800 


* Agglutination of strain B was made with bacteria grown on a solid medium and suspended 
in physiological saline; agglutination of the original capsulated strain A was made, not with a 
suspension in physiological saline, but directly with a culture in the liquid medium. This 
applies also to immunization. 

The best sources of carbon were the monosaccharides, levulose and dextrose. 
Next were the disaccharides, lactose and maltose. 

As this organism appeared to grow without added nitrogen, the possibility 
arose that it might fix atmospheric nitrogen. Repeated experiments were 
made^ to check the correctness of this assumption. The cultures were grown 
on media containing sucrose or mannitol as sources of energy. Preliminary 
experiments were made with liquid media in shallow layers in Erlenmeyer 
flasks, but it was found that solid media are more satisfactory. Cultures were 
therefore grown on carefully washed and sterilized sand saturated with the 
same media. In several tests traces (0.005 per cent) of sodium molybdate 
were added as a possible stimulant for the fixation of nitrogen. Nitrogen 

^By S. F. Snieszko, then at the Rothamsted E-xperimental Station as a Fellow of the 
Fundusz Kultury Narodowej. 
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determinations were made by the Kjeldahl method. In ail, determinations 
were carried out on 25 cultures and 24 uninoculated controls incubated for 14 
to 21 days at 28°C. The average results of the experiments are shown in 
table 4. • 

TABLE 3 


Influence of different carbon sources on the formation of capsular material byBac. Krzeniieniewshi 


SOTJRCE OI? CAEBON IN CONCENTEATION OE 1 PER CENT 

AVERAGE TIME 

OF DELIVERY OE 5 ML. 
STRAIN A 

Starch 

seconds 

12.1 

Dextrin 

13.7 

11.7 

Sucrose 

Lactose 

16.8 

16.8 

Maltose 

Dextrose 

17.4 

Levuiose 

18.9 

Arabinose 

12.4 

Xylose 

13.4 

Mannitol 

12.2 

Glycerol 

8.5 

Medium without carbohydrate, uninoculated 

6.6 


TABLE 4 

Experiments on nitrogen fixation by Bac. Krzemieniewski 


MEDIAN 

CONTROLS, 

N POUND 1 

INOCULATED, 

N POUND 

GAIN OR LOSS 
OP N 

Mineral liquid medium with 2 per cent mannitol. . . 

mgm. 

0.20 

mgm. 

0.25 

mgm. 

-h0.05 

Mineral liquid medium with 2 per cent sucrose. . . . 

0.27 

0.78 

+0.51 

Sand saturated with mineral medium with 2 per 
cent mannitol 

0.98 

1.56 

4-0.58 

Sand saturated with mineral medium with 2 per 
cent sucrose 

0.66 

0.91 

4-0.25 

Liquid mineral medium with 2 per cent sucrose 
and 0.005 per cent Na 2 Mo 04 

0.21 

0.17 

-0.04 

Sand saturated with liquid mineral medium with 

2 per cent sucrose and 0.005 per cent Na 2 Mo 04 . . 

0.93 

1.47 

4-0.54 

Liquid mineral medium with 2 per cent sucrose 
4-0.1 per cent (NH 4 ) 2 S 04 

25.00 

24.60 

-0.40 

Liquid mineral medium with 2 per cent sucrose 
4" 0.1 per cent asparagine 

22.55 

20.50 

-2.05 


The magnitude of the differences obtained in these experiments was insuffi- 
cient to justify any claim of nitrogen fixation. 


SUMMARY 

A new capsulated bacillus was isolated from cultivated soil. On solid media 
the colonies are large and raised, resembling hemispherical glass beads. The 
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capsules are large and distinct, and stain slightly with most dyes. Media 
containing more than traces of organic or inorganic nitrogen are not favorable 
for capsule formation. As judged by the increase in viscosity of the medium, 
levulose and dextrose are the best carbon sources, lactose and maltose also being 
good. It was suspected that this organism might fix nitrogen, but the differ- 
ences in nitrogen obtained in inoculated and uninoculated media were not large 
enough to support this view. 

This bacillus has been called Bacillus KrzemieniewsM n.sp. 
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PLATE 1 

Growth oe Bacillus Krzemieniewski 

Fig. 1, Colonies on Ashby agar plate. Slightly magnified. 

Fig. 2. Cells on Ashby agar plate. X 1400 

Fig. 3. Cells on Ashby and soil extract liquid medium. X 1400 

Fig. 4. Cells on Ashby and soil extract liquid medium, Neisser stain. X 700 

Fig. S. Cells on Ashby glucose medium, Giemsa stain. X 700 

Fig. 6. Culture on potato. X 1400 
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A. KLECZKOWSKI' and P. WIERZCHOWSKI 
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A new microorganism producing gelatinous or mucilaginous growth was 
isolated from soil by Kleczkowska. Kleczkowska, Norman, and Snieszko^ 
investigated some of the morphological and physiological properties of this 
organism, which they have called Bacillus Krzemieniewski. Its most charac- 
teristic property is the formation of thick, gelatinous capsules on various 
carbohydrate media. In this paper is described an investigation of the nature 
of the capsular material. 

The capsular substance is easily obtained by precipitation with 75 per cent 
ethanol and appears as a fibrous, slightly grayish precipitate, swelling in water 
and becoming highly gelatinous. If it is precipitated directly from the culture 
media, the ash content is high, and the inorganic impurities cannot be removed 
by repeated reprecipitation with ethanol. Electrodialysis, however, reduces 
the ash content to less than 1 per cent and causes the polysaccharide to pre- 
cipitate in the form of a fine cloudy suspension. Hydrolysis of the crude prod- 
uct liberates only 20-30 per cent reducing sugar, whereas 60 per cent is ob- 
tained from the electrodialyzed preparation. The content of both nitrogen 
and phosphorus is below 0.15 per cent. 

A pure potysaccharide can be obtained in the form of a yellow viscous liquid 
by treatment of the crude product with 5 per cent potassium hydroxide, and 
may be precipitated by ethanol. Such preparations after electrodialysis give 
96 per cent reducing sugar on hydrolysis. 

The physical properties of this capsular polysaccharide from Bacillus Krze- 
mieniewski indicate a large molecule, and chemical analyses are in accordance 
with the view that it is a polymannose, mannose having been identified by its 
optical rotation and by the formation of the typical hydrazone and osazone. 
The same polysaccharide was apparently produced in cultures developing on 

1 While carrying out this research, A. Kleczkowski was a Fellow of the Foundation for 
National Culture. 

2 Kleczkowska, J., Norman, A. G., and Snieszko, S. 1940 Bacteriological studies on 
a new capsulated bacillus, Bacillus Krzemieniewski. Soil Sci. 49: 185-191. 
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either mannitol or glucose. A similar poly mannose (manno-caroiose) has 
been described as a product of the metabolism of PenicilUum charlesiP. 

EXPERIMENTAL 

Preparation of crude product 

Liquid cultures of Bacillus Krzemieniewski were concentrated in vacuo at a 
temperature of TO^C., and the polysaccharide was precipitated by addition of 
ethanol to give a concentration of 70 per cent. By repeated solution in water 
and reprecipitation the product was purified. After drying in a vacuum it was 
pulverized and treated with KOH. 

Hydrolysis with potassium hydroxide 

Five grams of powder were suspended in 300 ml. 5 per cent KOH and heated 
in a water bath for 3 hours under reflux. The solution obtained was mucilag- 
inous and became more viscous on cooling. An insoluble precipitate, 75 
per cent ash, was centrifuged off. The polysaccharide was precipitated 
by treatment again with ethanol. The precipitate was suspended in 800 
ml. water and electrodialyzed. 

Electrodialysis 

The suspension was electrodialyzed for 4 days, cellophane films in a Pauli 
apparatus being used. The length of the chamber was 10 cm., the film surface 
80 sq. cm., and the current 500 volts. During electrodialysis the polysaccha- 
ride accumulated at the bottom of the chamber in the form of a cloudy precip- 
itate and was coagulated by addition of ethanol to give 80 per cent concentra- 
tion after resuspension in about 500 ml. water. The yield of pure product was 
0.5 gm. 

Analysis of carbon and hydrogen 


Amount taken 0.01903 gm CO 2 ~ 0.03093 gm. H 2 O = 0.01055 gm. 

(CeHioOs)^ calculated C = 44.44 per cent H —6.22 per cent 

found C — 44.33 per cent H =6. 15 per cent 


ash = 0.75 per cent 

Hydrolysis with sulfuric acid and identification of products 

Hydrolysis was effected by treatment of the polysaccharide with 4 per cent 
H2SO4 for 1 hour at 120°C. The acid was neutralized by addition of barium 
hydroxide, the excess of which was removed by CO 2 . The filtrate was con- 
centrated in vacuo^ and reducing sugar was determined by the micro Bertrand 
method. The optical rotation was determined, and phenylhydrazone and 
osazone were prepared. 

2 Haworth, W. N., Raistrick, H., and Stacey, M. 1935 Polysaccharides synthesized 
by microorganisms: I. The molecular structure of manno-carolose produced from glucose 
by Pmcf/Zwm G. Smith. Biochem. Jour, 29: 612-621. 
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Optical rotation: (Mannitol being the energy source in the culture medium) 
[all) = —13.8® (i^ = 17.9®); (glucose being the energy source in the culture 
medium) [q:]i> = —13.9® (t = 17®). 

The phenylhydrazone was prepared from 2 per cent aqueous solution and 
recrystallized twice, m. p. 197®. The osazone was characteristic of glucose and 
after purification had a m. p. of 208®. 

SUMMARY 

The nature of the capsular substance formed by Bacillus KrzemieniewsM 
was investigated by preparation and analysis. It was found to be a poly- 
mannose composed of 1-mannose units and from its physical properties may be 
assumed to have a high molecular weight. 
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An extensive literature has accumulated on the assimilation of phosphorus 
compounds by soil microorganisms, particularly the bacteria and fungi. 
Egorov (4) found phytin to be an excellent source of phosphorus for Asper- 
gillus niger and Penicillium glauctim in sterile solution and suspected that there 
was an indirect assimilation of the phytin by fungi preceded by the splitting 
of this compound. Dox (2) and Dox and Golden (3) also obtained excellent 
growth of Asp, niger in Raulin’s medium containing various organic compounds 
of phosphorus and suggested that phosphoric acid is first split off from the 
organic complex by means of some enzymes excreted by the mold and is then 
utilized in this form. According to Schniicke (9), the assimilation of phosphate 
by Asp. niger varies with the stage of growth and with the nitrogen source; 
the ratio of the^amounts of phosphorus and nitrogen assimilated were believed 
to be more or less constant, the P206‘N being about 1:2. When the culture 
was left for a long time, the total phosphorus content of the fungus mycelium 
rapidly decreased, even though the actual weight of the mycelium did not 
diminish to a great extent. 

Stoklasa (10) reported that Azotohacter contains 2.18 per cent phosphorus, 
79 per cent of which is in the form of nucleic acid; Bacillus mycoides was found 
to contain 1.86 per cent phosphorus, 73.65 per cent as nucleic acid. The aver- 
age phosphorus content of the bacteria examined was found to be 1.5 per cent. 
Thompson and associates (11) believed that Az, chroococcum assimilated more 
phosphorus during the first 45 days of growth than was made available from 
tricalcium phosphate but that the reverse was true during the second period 
of 45 days. 

In a study of the biological oxidation of carbohydrates in percolating filters, 
Jenkins (7) found that the minimum proportion of phosphorus required for 
the efficient utilization of nitrogen lies between 0.12 and 0.31 parts per part 
of nitrogen. He showed further that the phosphorus of the organic compounds 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, department 
of soils. 

2Tsing Hua University Fellow, China. The author takes this opportunity to express 
his sincere indebtedness to S. A. Waksman for suggesting this problem and for assisting in 
various ways in carrying it through. He is also indebted to R. L. Starkey for assistance 
generously rendered. 
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present in the press water of a sugar-beet factor (probably hexophosphate, 
nucleoproteinSj and phospholipins) is not so readily available to the micro- 
organisms in a percolating filter, even in the presence of sufficient available 
nitrogen, as that of dipotassium phosphate. 

The available evidence indicates that phytin, nucleic acid, lecithin, and many 
other organic phosphorus compounds are excellent sources of phosphorus for 
a great many microorganisms. The organisms were found to split the phos- 
phorus compounds by means of specific enzymes, giving phosphoric acid, which 
is readily assimilated. Stoklasa (10) noted that about 66 per cent of the 
lecithin phosphorus is converted into soluble orthophosphate by B, mycoides, 
B, subtilis, and B. proteus vulgaris in 60 days at 28-38'^C. Bacteria belonging 
to the genus Nucleobacter have been isolated by Koch and Oelsner (8) and found 
to be specifically active in the decomposition of nucleins, through the nucleic 
acid stage, into phosphoric acid. 

According to Heck (5), the availability and utilization of the organic phos- 
phorus by crops must depend to a large extent upon microbiological activities. 
Vincent (13) also reported that plants do not assimilate organic phosphorus 
directly; he attributed the decrease of the organic phosphorus in soil, after crop 
growth, to its mineralization by bacteria. 

EXPERIMENTAL 

& 

In the following investigations on the assimilation of phosphorus by a mixed 
soil population and by pure cultures of soil fungi, cellulose and glucose were 
used largely as sources of energy. 

It was shown in a previous study (1) that phosphorus exerts a pronounced 
influence upon the rate of decomposition of plant materials. The decomposi- 
tion of cellulose and hemicelluloses seems to be particularly affected by the 
added phosphate. The relation of cellulose to the assimilation of nitrogen has 
been clearly established by Heukelekian and Waksman (6). 

Cellulose decomposition by a mixed soil population 

Ten-gram portions of finely ground filter paper, equivalent to approximately 
9.0 gm. of pure cellulose, and 100-gm. portions of acid-washed white sand were 
placed in 60 glass tumblers. To 48 of these were added 10-cc. portions of a 
solution containing 210 mgm. nitrogen as ammonium sulfate, 100 mgm. KCl, 
100 mgm. MgS 04 - 7 H 20 , and a trace of ferrous sulfate; the remaining 12 
tumblers were treated only with the last three compounds. The tumblers 
were then divided into groups of 12 each, receiving the following treatments: 

1. No e:2HP04 

II. 13.7 mgm. P (0.077 gm. K 2 HPO 4 ) 

III. 36.6 mgm. P (0.206 gm. K2HPO4) 

IV, 91.4 mgm. P (0.514 gm. K2HPO4) 

V. 94.0 mgm. P (0.528 gm. K2HPO4) 
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After inoculation with 1 cc. of a dilute suspension of fresh field soil, the con- 
tents of each tumbler were thoroughly mixed. Water was added at the rate 
of 10 cc. for each 100 gm. sand and 3 cc. for each gram of paper. The tumblers 
were covered with glass plates and incubated at 28°C, 

Samples were taken after 14, 28, 42, 79, and 121 days. At each period, two 
tumblers were selected at random from each group. The contents were mixed 

TABLE 1 


Transformation of phosphorus during the decomposition of cellulose by the mixed soil flora 


TREATMENT* 

INCUBATION PERIOD 

CELLULOSE 

DECOMPOSED 

INORGANIC P FOUND 

ORGANIC P 

NHs-N FOUND 

ORGANIC N 

ORGANIC N 

ORGANIC P 

CELLULOSE DECOMPOSED 

ORGANIC P 

CELLULOSE DECOMPOSED 

ORGANIC N 

pH 


days 

gm. 

per cent 

mgm. 

mgm. 

mgm. 

mgm. 







I. No P 

28 

0.472 

5.26 

0.0 

0.0 

213.6 

-3.6 






5.35 


42 

0.474 

5.28 

0.0 

0.0 

206.6 

3.4 




4.70 


79 

0.331 

3.69 

0.0 

0.0 

208.0 

2.0 






121 

0.148 

1.65 

0.0 

0.0 

209.8 

0.2 





II. 13.7 mgm. P 

14 

0.523 

5.83 

10.0 

3.7 

189.4 

20.6 

5.57 

141.4 

25.4 


as K2HPO4 

28 

1.587 

20.95 

8.2 

5,5 

182.4 

27.6 

5.02 

288.6 

57.0 

2.80 


42 

1.933 

21.53 

7.2 

6.5 

175.5 

34.5 

5.31 

297.4 

56.0 

2.80 


79 

2.149 

23.94 

6.7 

7.0 

170.5 

39.5 

5.64 

307.7 

54.4 



121 

2.999 

33.40 

5.9 

7.8 

167.6 

42.4 

5.44 

384.4 

70.7 


III. 36.6 mgm. P 

14 

0.902 

10.05 

31.7 

4.9 

180.8 

29.2 

5.96 

184.1 

30.9 


as K2HPO4 

28 

2.068 

23.03 

29.4 

7.2 

175.0 

35.0 

4.86 

287.0 

59 

.1 

2.95 


42 

2.539 

29.28 

28.1 

8.5 

170.2 

39.8 

4.68 

298.7 

63 

.8 

2.85 


79 

2.815 

31.35 

28.0 

8.6 

171.5 

38.5 

4.48 

327.4 

73 

.1 



121 

4.353 

48.49 

26.5 

10.1 

162.7 

47.3 

4.68 

431.0 

92.0 


IV. 91.4 mgm. P 

14 

1.225 

13.64 

79.4 

12 

164.5 

45.5 

3.79 

102.1 

26.9 


as K2HPO4 

28 

3.242; 

36.11 

76.7 

14.7 

158.2 

51.8 

3.52 

220.5 

62.6 

3.40 


42 

3.715| 

41.38 

75,8 

15.6 

153.4 

56.6 

3.63 

238.1 

65.6 

3.40 


79 

4.3721 

48.70 

75.0 

; 16.4 

146.4 

63.0 

3.84 

266.6 

69.4 



121 

6.185 

68.87 

73.5 

17.9 

143.4 

66.6 

' 3.72 

345.5 

92 

.9 


V, 94.0 mgm. P 

28 

0.317 

3.53 

93.2 

0.8 

0.0 

0.0 



. .. 



7.80 

as K2HPO4, 

79 

0.062 

0.69 

94.2 

-0.2 

0.0 

0.0 





but no N 

121 

0.078 

0.87 

95.3 

-1.3 

0.0 

0.0 






* In addition to 100 gm. sand, 8.979 gm. cellulose, minerals, and, except in treatment V, 
210 mgm. N as (NIl 4 ) 2 S 04 . 


and aliquot portions removed for analysis. Phosphorus was estimated colori- 
metrically by the method of Truog and Meyer (12), Cellulose was determined 
by hydrolysis with 80 per cent sulfuric acid (14), The results obtained from 
each aliquot portion were calculated on the basis of the amount of material in 
each tumbler; only the averages of the duplicates are reported (table 1). 

An examination of the organisms concerned in the decomposition of the 
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cellnlose revealed the fact that no cellulose-decomposing bacteria were present. 
Various other bacteria and the fungus Chaetomitm sp. were found only in 
treatments I and V. The absence of bacteria in treatments II, III, and IV 
is possibly due to the high acidity of the substrate (pH 2.8 to 3.4). The residue 
from the selective absorption of ammonia from the added ammonium sulfate 
by cellulose-decomposing organisms was no doubt a major factor contributing 
to the acidity of the substrate. The active fungus flora consisted of Tri- 
choderma sp., of a green Aspergillus, and of two Penicillia. The first of these 
increased in growth with the increasing addition of phosphate. During the 
early stages of decomposition, the Trichoderma grew most abundantly in the 
tumblers receiving the heaviest application of phosphorus. In treatments 
II and III, the gray Penicillium was predominant. The Penicillium later 
appeared also in treatment IV. 

It can be noted from table 1 that there had been continuous synthesis of 
organic phosphorus from the inorganic phosphate during the period of decom- 
position. This was also true of the nitrogen. The results indicate that there 
was no accumulation of inorganic compounds of phosphorus or nitrogen from 
the synthesized organic compounds. Had the period of incubation been suffi- 
ciently prolonged, mineralization of the organic compounds might have been 
expected. 

The cellulose was decomposed at a rapid rate in the presence of an abundant 
supply of phosphate. Whereas there was almost no decomposition in the 
absence of phosphorus or nitrogen, the decomposition increased steadily to 
68.87 per cent where nitrogen and 0.514 gm. of K 2 HPO 4 were added. De- 
composition was accompanied by synthesis of organic compounds of phos- 
phorus and nitrogen. The greater the amounts of phosphorus added, the 
narrower were the ratios of organic nitrogen td Organic phosphorus, and these 
ratios remained almost constant within each j:reatment, irrespective of the 
period of incubation. The ratio was about 5.4 at the low phosphorus content, 
4.9 at the medium phosphorus content, and 3.7 at the high phosphorus con- 
tent. The amount of cellulose decomposed per unit of nitrogen assimilated 
averaged 27.4 in 14 days and 60 in 28 days. Higher values were found after 
longer periods of incubation. The figures are similar to those obtained by 
Heukelekian and Waksman ( 6 ). The presence of phosphorus increased the 
amount of cellulose decomposed per unit of nitrogen assimilated. The ratios 
were fairly constant during incubation from 28 to 79 days, but showed further 
increases to 121 days. 

In the presence of moderate amounts of phosphorus, about 160 parts of 
cellulose were decomposed per unit of organic phosphorus synthesized, in 14 
days. This ratio increased to 288 at 28 days. The ratio was lower in the 
treatment which received the highest amount of phosphate. 

It seems reasonable to conclude that the continuous increase in organic phos- 
phorus is due to the fact that there had been an abundant supply of energy- 
yielding material which greatly stimulated microbial synthesis. This supports 
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the results reported elsewhere (1), namely, that there is an accumulation of 
organic phosphorus during decomposition of plant materials rich in cellulose 
and hemiceliuloses. 

To observe further the influence of phosphorus upon the decomposition of 
cellulose, a study on the evolution of CO 2 was made. Two-gram portions of 
ground Alter paper were weighed into 300-cc. aeration flasks containing 100 
gm. of acid-washed sand and a solution containing 188.8 mgm. ammonium 
sulfate, 20 mgm. KCl, 20 mgm. MgS 04 - 7 H 20 , and a trace of FeCls. These 



Fig. i. Epeect of Phosphorus upon the Decomposition oe Cellulose as Measured 

BY CO2 Evolution 

flasks were treated, in duplicate, as follows: no P, 15 mgm. K 2 HPO 4 , 40 mgm. 
K 2 HPO 4 , 100 mgm. K 2 HPO 4 . Two additional flasks containing only sand and 
nutrients served as checks. The flasks were inoculated with 1 cc. of a dilute 
suspension (5 per cent) of fresh field soil. Moisture content was made up on 
the basis of 10 per cent of the dry weight of the sand and of 350 per cent of the 
dry weight of the filter paper. 

After the materials were thoroughly mixed, the flasks were connected to the 
aeration apparatus and incubated at 28°C. for 59 days. The course of the 
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evolution of CO 2 is presented graphically in figure 1, and the results of the 
chemical analyses of the residues are recorded in table 2. 

Phosphorus was found to have a pronounced effect upon the decomposition 
of the cellulose. In the presence of a small amount of available phosphate^ 
cellulose underwent rapid decomposition. There was comparatively little 
difference in the final amounts of cellulose decomposed with the different ap- 
plications of phosphate. Transformation was most rapid, however, in the 
presence of the highest amount of phosphate. In the presence of an abundance 
of phosphorus, an unusually large amount of this element was assimilated. 
The ratio between organic nitrogen and organic phosphorus was as low as 
1.65:1 with the heaviest phosphate application; all ratios were lower than 
those previously obtained. 

TABLE 2 


Effect of phosphorus upon the decomposition of cellulose* 


treatment! 

CELLULOSE 

INOR- 
GANIC P 

ORGAN- 
IC P 
FORMED 

NHs-N 

RECOV- 

ERED 

ORGAN- 
IC N 
FORMED 

ORGAN- 
IC N 

pH 

DECOMPOSED 

RECOV- 

ERED 

ORGAN- 
IC P 

Check (minerals only) . . 

gm. 

per cent 

mgm. 

7.4 

mgm. 

-0.3 

mgm. 

35.5 

mgm. 

0.1 


6.4 

No k: 2 HP 04 

0.095 

5.09 



35.7 

- 0.1 


4.05 

15 mgm. KjHPOl (2.7 







mgm. P) 

1.074 

57.44 

trace 

2.7 

29.5 

6.1 

2.26 

3.65 

40 mgm. K 2 HPO 4 (7.1 









mgm. P) 

1.020 

54.60 

3.8 

3.91 

24.3 

11.3 

2.89 

3.60 

100 mgm.K 2 HP 04 ( 17.8 









mgm. P) 

1.069 

57.23 

11.3 

6.5 

24.9 

10.7 

1.65 

3.70 


* 59 days of incubation. 

t In addition to 35.6 mgm. N as (NH 4 ) 2 S 04 , minerals, and, except in the check, 1.868 gm. 
cellulose. 


Assimilation of phosphorus by soil fungi, with glucose as source of energy 

The evidence of extensive synthesis of organic phosphorus during the 
decomposition of plant materials and cellulose suggested the desirability of 
making further studies upon the assimilation of phosphorus by a few pure cul- 
tures of some of the common soil fungi which are active in the decomposition 
of organic matter. Particular attention was paid to the effect of different 
amounts of phosphorus upon the assimilation of phosphorus and upon the 
utilization of energy-yielding material. The influence of the nitrogen source 
upon the assimilation of phosphorus was also studied. 

The following fungi were Aspf niger, Rhizopus nigricans, a Tricho- 
derma, a gray Penicillium, and an Aspergillus The last three fungi were 
isolated from the experiments on cellulose decomposition. 
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A basic medium of the following composition was adopted: 

Glucose... 20 gm. 

KCi........ * 0,200 gm. 

MgSO^-VHaO 0.200 gm, 

FeS 04 .. 0.005 gm. 

ZnS04 0.001 gm. 

Distilled water 1000 cc. 

The basic medium, in 200-cc. portions, was measured into 500-cc- Erlenmeyer 
flasks. The flasks were divided into two sets, one of which received 0.5 per 
cent concentration of K 2 HPO 4 solution, and the other, 1.5 per cent. After 
sterilization at 10 pounds pressure for 30 minutes, ammonium sulfate, sodium 
nitrate, and urea were supplied as sources of nitrogen for Asp. niger, whereas 
only urea was supplied to the other fungi. Solutions of the nitrogen com- 
pounds were prepared in such concentrations that each 10 cc. gave 114.5 mgm. 
of nitrogen per flask. These solutions were sterilized separately and 10-cc. 
portions added to the flasks. There were 9 to 12 replicates of each medium 
for each fungus. Uninoculated controls were also included. The amounts of 
the nitrogen, phosphorus, and glucose in the control flasks were considered 
to have been the original amounts in all the flasks. The materials were inoc- 
ulated with spore suspensions of the fungi and incubated at 28°C. 

Three flasks from each treatment, inoculated with each fungus, were taken 
for analysis at weekly intervals. The solution was drained through weighed 
filter paper into 500-cc. volumetric flasks. The fungus pellicle remaining 
in the Erlenmeyer flask was washed three times with a small amount of 1 per 
cent HCl solution and then washed free of acid, upon the filter paper. The 
paper containing the pellicle was dried for 10 to 12 hours at 80°C. and then at 
100°C. to constant weight. The weight of the paper with the pellicle minus 
that of the original paper gave the weight of the fungus mycelium produced 
during incubation. The spent medium and the washings were made up to 500 
cc. ; aliquot portions were withdrawn for determinations of inorganic phosphate, 
nitrogen, and glucose. Inorganic phosphate was estimated by the colorimetric 
method of Truog and Meyer; glucose by Bertrand’s method; nitrate by reduc- 
tion with Devarda’s alloy; ammonia by distillation with MgO. To estimate 
urea, 50 cc. of the filtrate was neutralized and treated for 1 hour with 3 cc. of 
an extract of 10 per cent Jack bean powder in 30 per cent alcohol. The ammo- 
nia was distilled in the presence of MgO. 

Phosphorus assimilation by Asp. niger. It was apparent, even on general 
examination, that the growth of Asp. niger heavier in the presence of am- 
monium sulfate than with urea or with nitrate, irrespective of the concentration 
of phosphate. The pellicles in the ammonium sulfate medium were heavy 
and much folded, whereas in the nitrate medium they were thin and light in 
color. The color was usually lighter with higher phosphate concentrations. 
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Several mteresting points are brought out in tables 3, 4, and 5. The greater 
amount of phosphate depressed the growth of the fungus but stimulated the 

TABLE 3 


Asshnilation of phosphorus by Asp. niger in medium with {NEi^^SOi 


TSEATMENT* 

AGE os* 
cux- 

XUEE 

MYCE- 

LIUMf 

OEGAN- 
IC P 
SYNTHE- 
SIZED 

ORGAN- 
IC P, 
PER 
CENT 
OF 

MYCE- 

LIUM 

Nas- 

SIMI- 

L.ATED 

N, PER 
CENT 
OF 

MYCE- 

LIUM 

N 

ASSIMI- 

LATED 

ORGAN- 
IC P 

GLUCOSE 
CON- ' j 
SUMED 

pm 


days 

gm. 

mgm. 


mgm. 



gm. 


0.0969 gm. K2HPO4 

7 

0.817 

9.4 

l.is 

54.0 

6.61 

Si. 74 

2.332 

2.57 

(0.48 per cent) 

14 

1.151 

13.1 

1.14 

i 69.7 

6.06 

5.32 

3.399 

2.23 


21 

1.057 

11.3 

1.07 

63.0 

5.96 

5.58 

3.474 

2.43 


28 

0.968 

7.6 

0.79 

56.8 

5.87 

7.47 


1 2.33 

0.3057 gm. K2HPO4 

7 

0.757 

6.7 

0.89 

49.4 

6.53 

7.37 

S 2.192 

1 2.55 

(1.53 per cent) 

14 

1.021 

14.5 

1.42 

63.3 

6.20 

4.37 

3.077 

2.32 


21 

0.988 

12.7 

1.29 

60.2 

6.09 

4.74 

3.474 

; 2,53 


28 

0.897 

8.1 

0.90 

52.0 

5.80 

6.42 


2.53 


* In addition to the basic medium (including 3.474 gm. glucose), 114.5 mgm. N, etc. 
t Oven-dry weight. 

X The original pH of 0.48 per cent phosphate solution was 6.1, and that of 1.53 per cent 
phosphate solution was 6.45. 

TABLE 4 


Assimilation of phosphorus by Asp. niger in medium with NaNOz 


TREATMENT* , 

AGE OF 
CUL- 
TURE 

MYCE- 

UUMt 

ORGAN- 
IC P 1 
SYN- 
THE- 
SIZED 

ORGAN- 
IC P, 
PER 
CENT 
OF 

MYCE- 

LIUM 

N AS- 
SIMI- 
LATED 

N, PER 
CENT 
OF 

MYCE- 

LIUM 

N 

ASSIMI- 

LATED 

ORGAN- 
IC P 

GLUCOSE 

CON- 

SUMED 

pH$ 


days 

gm. 

mgm. 


mgm. 



gm. 


0.0969 gm. K2HPO4 

7 

0.493 

6.3 

1.28 

29.4 

5.96 

4.67 

2.193 

2.77 

(0.48 per cent) 

14 

0.731 

8.1 

1.11 

43.5 

5,95 

5.37 

2.949 

2.72 


21 

0.767 

9.3 

1.12 

47.5 

6.19 

5.11 

3.474 

3.02 


28 

0.735 

7,5 

1.02 

45.5 

6.19 

6.07 


3.18 

0,3057 gm. K2HPO4 

7 

0.413 

1 4.0 

0.97 

27.0 

6.54 

6.75 

2.080 

1 3.23 

(1.53 per cent) 

14 

0.578 

7.5 

1.30 

36.8 

6.37 

4.91 

2.949 

2.89 


21 

0.596 

10.3 

1.73 

38.5 

6.46 

3.74 

3.474 

2.57 


28 

0.548 

7.6 

1.39 

35.9 

6.55 

I 4.72 


; 2.93 


* In addition to the basic medium (including 3.474 gm. glucose), 114.5 mgm. N, etc. 
t Oven-dry weight. 

t The original pH of 0.48 per cent phosphate solution was 6.5, and that of 1.53 per cent 
phosphate solution was 6.70. 

utilization of glucose per unit of mycelium produced. The ratio of organic 
nitrogen to organic phosphorus was also narrower at the high concentration of 
phosphorus. The fungus mycelium contained, on the average, 6 per cent or- 
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ganic nitrogen and 1.1 per cent phosphorus at low phosphate concentration and 
1.3 per cent phosphorus at high concentration. 

The greatest increase in weight of mycelium and synthesis of organic phos- 
phorus took place in 14 days in the media with ammonium sulfate and urea 

TABLE 5 


Assimilation of phosphorus by Asp, niger in medium with urea 


TREATMENT’*' 

AGE OF 
CUL- 
TURE 

MYCE- 

LIUMf 

ORGAN- 
IC P 

SYNTHE- 

SIZED 

ORGAN- 
IC P, 
PER 
CENT 
OF 

MYCE- 

LIUM 

N AS- 
SIMI- 
LATED 

N, PER 
CENT 
OF 

MYCE- 

LIUM 

N 

ASSIMI- 

LATED 

ORGAN- 
IC P 

GLUCOSE 

CON- 

SUMED 

pHt 


days 

gtn. 

mgtn- 


mgm. 



gm. 


0.0969 gm. K 2 HPO 4 

7 

0.677 

7.5 

1.11 

41.3 

6.10 

5.51 

2.248 

2.71 

(0.48 per cent) 

14 

0.939 

10.1 1 

1.08 

52.9 

5.63 1 

5.24 I 

3.158 

2.83 


21 

0.915 

9.5 ! 

1.04 

55.8 

6.10 

5.87 1 

3.474 

1 3.28 


28 

0.893 

7.5 1 

0,84 

53,8 

6.02 

7.17 


3.60 

0.3057 gm. K 2 HPO 4 

7 

0.430 

5.5 

1.28 

41.3 

9.60 

7.51 

1.975 

3.27 

(1 .53 per cent) 

14 

0.740 

11.7 

1.58 

42.1 

5.69 

3.60 

2.916 

2.87 


21 

0.627 

10.1 

1.61 

42.4 

6.77 

4.20 

3.474 

3.00 


28 

0.677 

8.31 

1.23 

45.0 

6.64 

5.42 


3.13 


* In addition to the basic medium (including 3.474 gm. glucose), 114.5 mgm. N, etc. 
t Oven-dry weight. 

t The original pH of 0.48 per cent phosphate solution was 7.05, and that of 1.53 per cent 
phosphate solution was 6.40. 

TABLE 6 


Assimilation of phosphorus by R. nigricans in medium with urea 


TREATMENT* 

AGE OF 
CULTURE 

MYCE- 

LIUMf 

ORGANIC 
P SYN- 
THESIZED 

ORGANIC 
P, PER 
CENT OF 
MYCE- 
LIDM 

Nas- i 

SIMI- 

lated 

N, PER 
CENT OF 
MYCE- 
LIUM 

1 

Nas- 

SIMI- i 
LATED 1 

GLUCOSE 

CON- 

SUMED 

ORGANIC 

P 


days 

mgm. 

mgm. 


mgm. 



gm. 

0.1012 gm. K 2 HPO 4 

7 

637.3 

10.2 

1.60 

42.4 

6.65 

4.16 

2.683 


14 

881.0 

13.1 

1.49 

57.8 

6.56 

4.41 

3.229 


21 

835.3 

13.9 

1.66 

54.3 

6.50 

3.91 

3.263 

0.3046 gm. K 2 HPO 4 

7 

502.3 

16.8 

3.34 

34.6 

6.89 

2.06 

2.351 


14 

667.3 

15.2 

2.28 

47.9 

7.18 

3.15 

3.154 


21 

670.0 

19.9 

2.97 

41.7 

6.22 

2.10 

3,188 


* In addition to the basic medium (including 3.263 gm. glucose), 114.5 mgm. of N in the 
form of urea, etc. 
t Oven-dry weight. 


and in 21 days in the nitrate medium. After the glucose had all disappeared, 
there was some autolysis of the mycelium, as shown by the decreased weight of 
the mycelium, and by the lower amounts of organic phosphorus and organic 
nitrogen. Autolysis was much delayed in the nitrate medium. The organic 
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phosphorus decreased more rapidly than the organic nitrogen^ resulting in a 
widening of the ratio of organic nitrogen to organic phosphorus with prolonged 
incubation. 


TABLE 7 

Assimilaiion of phosphorus by Trichoderma sp. in medium with urea 


TREATMENT* 

AGE OF 
CTOTURE 

MYCE- 

LIUMt 

ORGANIC 
P SYN- 
THESIZED 

ORGANIC 
P, PER 
CENT OF 
MYCE- 
LIUM 

N AS- 
SIMI- 
LATED 

N, PER 
CENT OF 
MYCE- 
LIUM 

N AS- 
SIMI- 
LATED 

GLUCOSE 

CON- 

SUMED 

ORGANIC 

P 


days 

mgm. 

mgm. 


mgm. 



gm. 

0.1012 gm. K 2 HPO 4 

7 

595.3 

6.5 

1.09 

43.2 

7.26 

6.65 

1.285 


14 

806.0 

13.4 

1.66 

58.0 

7.20 

4.33 

2.838 


21 

697.8 

8.3 

1.71 

49.1 

7.04 

5.92 

3.164 

0.3046 gm. K 2 HPO 4 

7 

508.8 

7.3 

1.43 

33.4 

6.56 

4.58 

1.128 


14 

904.0 

31.5 

3.48 

61.4 

6.79 

1.95 

2.801 


21 

805.5 

14.1 

1.75 

57.4 

7.13 

4.07 

3.137 


* In addition to the basic medium (including 3.263 gm. glucose), 114.5 mgm. of N in the 


form of urea, etc. 
t Oven-dry weight. 

TABLE 8 


Assimilation of phosphorus by AsperpUus sp. and FenicilUum sp. in medium with urea 


TREATMENT* 

AGE OF 
CULTURE 

MYCE- 

LIUMt 

ORGANIC 
P SYN- 
THESIZED 

ORGANIC 
P, PER 
CENT OF 
MYCE- 
LIUM 

N AS- 
SIMI- 
LATED 

N, PER 
CENT OF 
MYCE- 
LIUM 

N AS- 
SIMI- 
LATED 

GLUCOSE 

CON- 

SUMED 

ORGANIC 

P 



Aspergillus sp. 






days 

mgm. 

mgm. 


mgm. 



gm. 

0.1012 gm. KjHPO* 

7 ' 

405.8 

3.4 

0.84 

17.2 

4.24 

5.06 

0.686 


14 

856.8 

13.6 

1.59 

44.3 

5.17 

3.26 

2.217 

0.3046 gm. K 2 HPO 4 

7 , 

461.0 

7.7 

1.67 

23.6 

5.12 

3.06 

1.043 


14 

868.0 

36.1 

4.16 

46.0 

5.30 

1.27 

2.552 

FeniciUmm sp. 

0.1012 gm. KjHPOi 

14 

418.0 

11.7 

2.78 

20.0 

4.78 

1.71 

1.282 


21 

752.0 

4.8 

0.53 

38.8 

5.16 

8.08 

2.413 

0.3046 gm. K 2 HPO 4 

14 

506.5 

33.4 

6.59 

30.2 

5.96 

0.90 

1.719 


21 

718.0 

8.2 

1.14 

43.9 

6.11 

5.35 

2.738 


In addition to the basic medium (including 3.263 gm. glucose), 114.5 mgm. of N in the 


form of urea, etc. 
t Oven-dry weight. 

Phosphorus assimilation by R. nigricans^ Trichoderma sp.^ Aspergillus sp., 
and Penicillium sp. In the glucose-urea medium, Trichoderma sp., Asper- 
gillus sp., and Penicillium sp. produced only submerged growth. Development 
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The subject of antagonistic reactions among microorganisms has received 
considerable attention in recent years (5, 13). In view of its possible practical 
significance in regard to biological control of plant parasites, it deserves further 
careful consideration. Various combinations of organisms have been tested 
on artificial media, but the results obtained were not always reproducible in 
more complex substrates such as soil (8). Sterilized or partially sterilized 
soils have been used by many investigators in studies of antagonism among 
microorganisms, despite the recognizedly abnormal conditions in soils subjected 
to heat or chemical treatment (12). 

Conn and Bright (3) studied the behavior of Bacillus cereus^ Pseudomonas 
fluorescens, and Bacterium caudatus individually and together in sterilized 
manured soil and found that the last two organisms increased rapidly in num- 
bers but that cereus multiplied more slowly. When the three organisms 
were inoculated simultaneously into the same medium, B. cereus was com- 
pletely inhibited, whereas the other two forms multiplied rapidly. Millard 
and Taylor (9) inoculated Actinomyces scabies and Act, praecox into partially 
sterilized soils and found a marked reduction of potato scab. In other experi- 
ments it was found that the numbers of Act, scabies decreased to zero in most 
cases when in combination with Act, praecox, Lewis (8) tested various fungi, 
bacteria, and actinomycetes Ps, fluorescens in artificial media and found 

that, as a rule, the actinomycetes were more sensitive than the fungi but that 
certain spore-forming bacteria {B. mycoides) were inhibited completely. 
When inoculated into sterile soils in which Ps. fluorescens had grown for 14 
days, B. cereus was not inhibited. Lewis concluded that ^‘the theory that 
toxic metabolic products exert the same effect in soils as in artificial media is 
not supported.” Allen and Haenseler (1), using soils sterilized with formalde- 
hyde, obtained evidence that the combination of Trichoderma lignorum Wiih 
Rhizoctonia and resulted in decreased infection of cucumber and pea 

seeds. The previous observations of Weindling (13) were thus confirmed. In 
sterilized soil, combination with pure cultures of certain soil bacteria was not 
deleterious to avian tubercle bacilli, which actually multiplied (11); however, 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 
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a certain fungus checked development of the tubercle bacillus in manured 
sterilized soil, and the bacillus was destroyed slowly in nonsterilized soils. 
Tfichoderma Ugnorum and several other fungi when introduced into sterilized 
soils artificially inoculated with Helminthosporium sativum suppressed seedling 
injury (2). Novogrudsky (10) inoculated sterilized soil with a bacterium 
causing lysis of Fusarium Uni) 24 hours later he introduced the pathogenic 
funguSj which proved to be ineffective in the presence of the bacterium; the 
wheat seedlings used as indexes of infection were thus completely protected. 

EXPERIMENTAL 

Survival of various organisms inoculated into soil 

Palouse silt loam, in 100-gm. portions, was placed in 250-cc. Eiienmeyer 
flasks and sterilized for 2.5 hours at 15 pounds pressure. Suspensions of the 
various organisms were made from young agar cultures by the use of sterile 
distilled water; spore suspensions were used for fungi, and a mixture of myce- 
lium and spores was used for actinomycetes. A quantity of each suspension 
sufficient to bring the moisture of the soil up to 50 per cent of its moisture- 
holding capacity was added aseptically to each flask. The soils were kept 
undisturbed for 24 hours to permit the uniform distribution of moisture and 
organisms. Samples were then removed aseptically and plated with nutrient 
and sodium-albuminate agars for bacteria and actinomycetes and with pep- 
tone-acid agar for fungi (4). 

The organisms used in these experiments were obtained from the culture 
collection of the soils department at the New Jersey Agricultural Experiment 
Station. The results obtained in the first experiment are presented in table 1. 
The numbers of each organism, with the exception of Azotohacter^ increased 
to a maximum, which varied with the particular organism, and then gradually 
decreased. The increase may be attributed to two factors; namely, an in- 
crease in available nutrients as a result of sterilization (12), and the absence 
of competitive and antagonistic organisms. The inability of Az, chroococcum 
to multiply in sterilized soil could possibly be explained by a lack of suitable 
nutrients (7) or by the production of toxic materials during sterilization. 

Survival of combinations of different organisms inoculated into soil 

Combinations of various organisms were next used in an attempt to demon- 
strate any antagonistic effects. Species of fungi, bacteria, and actinomycetes 
which produced readily recognizable, characteristic colonies on plates were 
used. The organisms were introduced into 100-gm. quantities of sterile 
Palouse soil placed in 250-cc. flasks. 

Certain representative results are reported in tables 2 and 3. Cunning- 
kamella in combination with Humicola reached its numerical peak much sooner 
and decreased more rapidly than when alone; Humicola was not particularly 
affected by the association. AcL cellulosae was repressed by AcL violaceus 
rubefy since at the maximum, its numbers were three times the original, whereas 
when alone it multiplied to a peak approximately ten times as great as the 



MICROORGANISMS IN STERILIZED SOIL 


numbers at the beginning. Similarly, it may be observed that B. megatherium 
in conjunction with Az. ckroococcum and Ps, fluorescem did not multiply ap- 
preciably, whereas in pure culture its numbers increased in 14 days to about 
twenty times the original. Azotobacter also decreased more rapidly in combi- 
nation than when alone; P 5 . fluorescens was not noticeably affected. 

TABLE 1 

Survival of pure cultures of organisms inoculated singly into sterilized soil 
Numbers per gram of oven-dry soil, X 10“^ 


DAYS OF INCUBATION 



0 

3 

14 

40 

so 

Act. violaceus ruber 

72 

563 

2,619 

12,234 

8,234 

Act. cellulosae 

2,824 

1,085 

9,213 

29,736 

19,987 

Act. f radii 3322b 

984 

6,532 

7,217 

19,932 

9,634 

Az. chroococcumP 

2,200 

1,050 

1,490 

1,320 

990 

Ps. fiuorescens\ 

1,824 

2,011 

3,068 

3,792 

2,782 

B. cereus 

4 

12 

19 

18 

14 

B. megatherium 

2 

10 

37 

18 

13 

B, mycoides 

1 

6 

9 

11 

8 

Eumicola sp 

59 

288 

651 

934 

659 

Aspergillus sp 

419 

2,324 

2,700 

4,129 

3,736 

Trichoderma sp 

344 

1,542 

1,721 

2,039 

2,432 

Penicillium sp 

1,170 

6,418 

14,304 

19,267 

20,692 

Cunninghamella sp 

60 

337 

430 

601 

?01 


* Numbers of Azotobacter per gram oven-dry soil, 
t Ps. fluorescens X 10”® per gram oven-dry soil. 

TABLE 2 

Survival of various combinations of organisms inoculated into sterilized soil 
Numbers per gram oven -dry soil, X 10”^ 


INCUBA- 

TION 


ACT. VIOLA- , ACT. CELLU- 
CEUSaUBER LOSAE 

AZ. CHRO- 1 PS. FLUO- , B. MEGA- 

OCOCCUM* “ RESCENS “ THERIUM 

days 

0 

0.2 

0.3 

4 

132 

2,000 

2,175 

818 

3 

10 

0.8 

2 

146 

2,090 

2,782 

841 

10 

65 

6 

88 

167 

1,760 

15,227 

568 

24 

33 

99 

217 

373 

1,000 

16,361 

775 

50 

30 

27 

893 

373 

530 

8,765 

970 

80 

19 

1 8 i 

i 

1,194 

267 

220 

9,398 

897 


* Azotobacter per gram oven-dry soil. 

In the mixture of four organisms, Humicola djnA Act. violaceus ruber were 
not materially affected by their association. Act. cellulosae ageLin w&s some- 
what repressed, whereas Cunninghamella was slightly stimulated as compared 
to its multiplication in pure culture. Azotobacter again decreased more rap- 
idly in the presence of other organisms than when alone. In the latter case 
nearly half of the cells were still alive after 80 days, whereas in the former only 
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one-fifth of the original numbers survived. Fs, fluorescens and Cunning- 
hamella multiplied more extensively together than when in pure culturej 
Humicola weiS not particularly affected, and B. megatherium was somewhat in- 
hibited after a rapid increase during the first few days of incubation. 

Development of plant pathogenic fungi in soil 

Several plant pathogenic fungi (6) were inoculated into sterile soil individually 
and with other fungi, bacteria, and actinomycetes (tables 4, 5). As difficulty 

TABLE 3 


Survival of various combinations of organisms inoculated into sterilized soil 
Numbers per gram oven-dry soil, X 10“'^ 


JNCITBA- 

TION 

CUNNING- , 
HAMELLA*^ 

HUMI- 

COLA 

ACT. : 

+ VIOEA- ^ 

^ CEUS ^ 

EUBER ^ ! 

AZ. CHRO- , 4. B. MEGA- , CUNNING-, 

OCOCCUM*"^ EEsSs ^ HAMELLA^ 

HUMI- 

COLA 

days 

0 

1 

1 

4 

67 

1,300 

2,610 ! 

178 

1 

0.4 

3 

13 

1 

5 

75 

400 

16,820 

3,830 

6 

2 

10 

13 

2 

53 

71 

250 

18,360 

1,010 

11 

2 

24 

31 

26 

309 

112 

360 

13,650 

144 

151 

12 

50 

41 

29 

734 

216 

220 

9,753 

103 

199 

19 

80 

20 

10 

934 

i 154 

260 

10,010 

89 

23 

24 


* Azotobacter per gram oven-dry soil. 


TABLE 4 


Persistence of some plant pathogenic fungi alone and in combination with various organisms 

in sterilized soil 

Numbers per gram oven-dry soil, X lO"^ 


INCU- 

BA- 

TION 

RHIZOC- 

TONIA 

SOLANI 

HELMINTHO- 

SPORIUM 

SATIVUM 

EUSARIUM 

CULMORUM 

CUNNING- , ASPER- 

HAMELLA GILLUS 

E. , CUNNING- , ASPER- 

CULMORUM HAMELLA “ GILLUS 

days 

0 

0.09 

0.07 

75 

2 

32 

i 

i 

16 1 

9 

38 

4 

0.14 

1.36 

79 

18 

47 

37 

18 

21 

14 

0.22 

3.34 

205 

39 

66 

58 

33 

18 

31 

0.45 

1.66 

335 

26 

58 i 

69 

25 

8 

43 

0.37 

0.93 

114 

24 

54 

39 

29 

6 

61 

0.26 

0.31 

109 

21 

55 1 

24 

32 

5 


was experienced in counting Rh, solani and H. sativum in the presence of such 
rapidly spreading fungi as Cunninghamella and Aspergillus^ only F. culmorum 
was used in combination with these two organisms. 

All three pathogens grew when inoculated into sterile soil. Cunninghamella 
developed normally in association with Aspergillus^ but the latter was somewhat 
repressed as compared to its development in pure culture. In combination 
with F. culmorum and Cunninghamella, Aspergillus was distinctly inhibited. 
Rhizoctonia solani and AcL cellulosae wtie holAi repressed in the presehce of 
Act fradii (table 5). Act, cellulosaewsis also inhibited, when together with 
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Helminthosporium and AcL f radii) the fungus was also affected j since when 
alone its increase to a maximum was about 40~fold, whereas in combination it 
increased to about 10 times the original. Combination with Rhizoctonia 
was more deleterious to AcL cellulosae than association with Helminthosporkm 
otF, culmorum. The coexistence of two bacteria with Rh. solani resulted in 
a strong inhibition of the fungus; Ps. fluorescens increased gradually, as did 
B. cereus. The combination of H, sativum with the two bacteria was not the 
most favorable for any of the three; the fungus developed to a maximum of ten 

TABLE 5 

Persistence of some plant pathogenic fungi alone and in combination with various organisms 

in sterilized soil 


Numbers per gram oven-dry soil, X 10 


INCU- 

BATION 

E. SOLANI + celL^MSAE ' 

1 ACT. FRADII 

3322b 

. ACT 

B. SATIVUM + CELLULOSAE ' 

1 ACT. ERADII 

3322b 

days 







0 

0.069 

349 

4 

0.13 

719 

2.8 

4 

0.060 

308 

5 

0.86 

649 

5.3 

14 

0.059 

262 

17 

1.55 

594 

8.8 

31 

0.047 

155 

69 

0.91 

1,617 

20.0 

43 

0.043 

104 


0.72 

1,513 


61 

0.031 

89 


0.37 

1,379 



T. CULMORUM H 

I ACT. , ACT. ERADII 

^ CELLULOSAE 3322b 

R. SOLANI 4 

■ ELUoSsCENS + 


0 

3.5 

304 

12 

1 0.120 

2,800 

186 

4 

17.6 

316 

9 

1 0.080 

5,370 

1 286 

14 

40.0 

447 

4 

0.040 

7,470 

462 

31 

59.0 

1,062 

11 

0.020 

8,540 

1 532 

43 

57.0 

973 


0.010 

9,730 

432 

61 

59.0 

728 


0.009 

15,750 

362 


H. SATIVUM + 3,x,^oScENS + B. CESEUS CULMORUM + + B. CEREUS 


0 

0.27 

19,330 

512 

56 

6,850 

194 

4 

0.56 

9,420 

552 

96 

3,210 

174 

14 

1.03 

2,630 

672 

143 

2,264 

191 

31 

3.03 

577 

577 

167 

2,720 

256 

43 

0.97 

836 

503 

123 

7,320 

194 

61 1 

0.34 

11,850* 

415 

90 

15,930 

108 


times the initial inoculum, whereas in pure culture it increased 40-fold. B. 
cereus did not increase perceptibly and Ps, fluorescens actually decreased during 
the first 43 days. A similar repression of B, cereus was noted in combination 
with P.J. fluorescens and F. culmorum) latter two organisms were not 
appreciably affected. 

DISCUSSION 


Only the most conservative conclusions can be drawn from the data pre- 
sented on the coexistence of different organisms in sterilized soil, especially 
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since the same numbers of cells were not always present initially in the different 
combinations used. This factor is difficult to control; and considerable varia- 
tion is to be expected. Even the introduction of the same quantity of inoc- 
ulum into two 100-gm. samples of one soil does not yield similar numbers 
when both samples are plated out; this was also found to be the case when two 
portions of the same soil were tested. Consequently, conclusions may be 
drawn only when a particular result appears consistently. B. megatherium 
and Act. cellulosae^ for example, were most often repressed when in association 
with other microorganisms. 

Caution should also be exercised in interpreting the results of fungus counts 
in soil, since there are no means of determining how many of the colonies de- 
veloping on the plates are due to spores and how many to pieces of mycelium, 
A certain treatment may inhibit sporulation yet increase mycelial develop- 
ment; thus the number of colonies on the plates may be reduced (assuming that 
they originated from spores), yet the organism may be very active in the 
substrate. Similar objections may be raised also to counts of actinomycetes 
in soil. 

The data presented support the work of many investigators in demonstrating 
that certain organisms can develop in sterilized soils as a result of several 
favorable factors brought about by sterilization, namely, the absence of an 
active competing microfiora and the increase of available nutrients because of 
the steam treatment. These two factors may be complementary, since the 
presence of an active microbial population may result in a lack of available 
nutrients for the inoculants. It appears that antagonistic phenomena also 
occurred in the complex soil system. The responses were often not distinct, 
but in some cases there was a consistent inhibition of several organisms. 
Considerable variation is expected in work with the heterogeneous soil sub- 
strate. 

The importance of isolating the biological systems to be studied (by use of 
sterile substrates) before experimenting with the reactions of inoculants to the 
complex biological communities in the soil appears obvious, as is the case also 
with the use of a complex substrate such as soil. The conclusion of Lewis 
(8) that the theory that toxic metabolic products exert the same effect in 
soils as in artificial media was not supported by his results is entirely reasonable 
because of absorption and other phenomena in soils which tend to inactivate 
such toxic materials. Consequently, it might be expected that any inhibitory 
effects which can be demonstrated clearly in soil are the result of pronounced 
antagonistic reactions. The problem stiU exists, however, as to whether simi- 
lar inhibition wiU occur in nonsterilized soil. 

SUMMARY 

Some typical soil fungi, bacteria, and actinomycetes were inoculated singly 
and in combination into steam-sterilized soil. AU the organisms, with the 
exception of Aztohacter ehroococcum numbers to a maximum and 

then gradually decreased; the number of Azotobacter decreased steadily. 


NUTRITION STUDIES WITH CORN: III. A STATISTICAL INTER- 
PRETATION OF THE RELATION BETWEEN NUTRIENT ION 

CONCENTRATION AND THE CARBOHYDRATE AND NITROG- 
ENOUS CONTENT OF THE TISSUE^ 

J. R. BECKENBACH, W. REI ROBBINS, and J. W. SKIVE 

New Jersey Agricultural Experiment Station 
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A review of the voluminous literature on the effects of the various nutrient 
ions in the substrate upon carbohydrate-nitrogen relationships brings to 
light such extreme contradictions in conclusions that a new approach to this 
relation was sought. Many studies have been based on variations in concen- 
tration of one salt from complete deficiency to definite excess, in the presence 
of constant concentrations of other salts. If, for example, the cation to be 
studied were K+, it might be introduced with an anion such as Cl”, which was 
then considered to have little or no physiological significance. This manner 
of manipulation is not entirely satisfactory, inasmuch as it involves changes 
in substrate concentration, the effects of which cannot be adequately evaluated 
in a study of the comparative effects of the nutrient ions upon metabolic 
relationships. Both of the ions resulting from the addition of a salt for the 
purpose principally of varying the concentration of one ion are capable of 
satisfying electrical charges within the tissue and therefore must necessarily 
have some physiological significance. These ions enter into the competitive 
interionic relationships discussed in a previous paper (3). 

The present approach to this problem was through the use of the variable 
ion proportion series of solutions described in previous reports of this series 
(2,3). 

THE EXPERIMENTAL SYSTEM 

Inasmuch as this is the third in a series of papers all of which are based upon 
the same experimental system, the reader is referred to the first paper for a 
detailed description of the procedure involved (3). 

Very briefly stated, a series of 16 solutions were devised, using nitrates of 
the three nutrient cations K+ Ca++, and Mg-^- and the sulfates and phosphates 
of the same three cations in a manner such that the concentration of each of 
these ions could be varied. All nutrient solutions have an osmotic concentra- 
tion of approximately 0.5 atmosphere. Boron, iron, and manganese were each 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, department 
of plant physiology. 
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added at a concentratioa of 0.5 p.p.m. of the culture solution. Triplicate 
cultures of four plants each of Dave Croshaw’s strain of Reid s yellow dent 
corn were grown with each of the nutrient solutions of this series. The plants 
were harvested after an experimental period of 40 days; fresh and dry weight 
records were taken, and suitable aliquots of leaf and stem_ tissue were put in 
glass-topped fruit jars and quickly frozen by means of dry ice. 

All data are calculated in terms of milligrams per 100 gm. fresh tissue. 

ANALYTICAL METHODS 

The frozen tissue was ground thoroughly through an ordinary food chopper, 
care being taken to prevent loss of juice, and was then extracted with hot 
water, according to the procedure of Nightingale, Robbms, and Schemaerhorn 
(8), acetic acid being used as the protein precipitant prior to filtration (4). 
Aliquots of the filtered extract were used in making all the soluble nitrogen 

determinations. . 

Ammonium and nitrate nitrogen were determmed by the aspuration method 

of Sessions and Shive (11). 

Alpha-amino nitrogen was determined by the Van Slyke procedure (7), the 
filtrate from the basic nitrogen determination being used. ^ 

Amide nitrogen was determined by hydrolyzing duplicate aliquots with 5 
per cent H2SO4 for 2 \ hours and determining the increase in ammonium nitro- 
gen by aspiration. . , , • -j 

Basic nitrogen was determined by precipitation with phosphotungstic acid 

and by determining the total nitrogen of the precipitate (9). 

Total soluble nitrogen was determined by the use of Ranker s modification 
(10) of the Kjeldahl procedure. 

Total nitrogen was determined from tissue dried at 75°C. and finely ground 
in a ball mill. Ranker’s (10) Kjeldahl method was again used. 

Protein nitrogen was calculated as the difference between total nitrogen and 

total soluble nitrogen. • ^ 1 ui \ 

Soluble organic nitrogen, total organic nitrogen, and other nitrogen (soluble), 

are calculated values of obvious derivation. 

The carbohydrate fractions were determined from tissue quickly dried at 
75°C. and pulverized in a ball mill so that it all passed through a 100-mesh 
sieve. 

Reducing sugars were determined, by the Tompsett procedure (12), from 
the filtrate obtained after refluxing the tissue for one-half hour with 85 per cent 
ethyl alcohol. For the standardization of the thiosulfate used in the final 
titration, c. p. glucose was used. _ _ 

Sucrose was determmed as the difference between the glucose equivalent of 
the thiosulfate titrations of aliquots of the filtrate after deleading in the 
Tompsett procedure (12) before and after inversion with invertase. 

Starch and dextrins were determined from the residue of the reducing sugar 
filtration. The residue was refluxed with water for one-half hour, cooled at 
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35°C,5 and digested with fresh saliva for 1 hour. After filtration, the glucose 
equivalent was determined. 

Hemicelluloses were determined from the residue of the starch filtration by 
refluxing for 2| hours in a solution containing 2.5 per cent HCl. The glucose 
equivalent was determined in the filtrate after clearing and deleading. 

PRESENTATION OE DATA 

Tables 1 and 2 present the quantities of the various nitrogen fractions 
determined in the stem and the leaf tissue respectively. A comparison of 
these tables with tables 3 and 4 gives some evidence of the reliability of the 
statistical consideration of these data. As total nitrogen and total soluble 

TABLE 1 


Nitrogen fraction distribution in corn stem tissue^ expressed in milligrams of nitrogen per 100 gm. 

of fresh tissue 


TREAT- 

MENT 

NUMBER 

I 

.NH4-N 

NO*-N 

AMIDE 

N 

AMINO 

N 

BASIC 

N 

TOTAL 

SOLUBLE 

N 

SOLUBLE 

ORGANIC 

N 

OTHER 

N (sol- 
uble) 

PROTEIN 

N 

i TOTAL 
ORGANIC 

N 

TOTAL 

N 

1 

0.85 

25.7 

1.05 

11.4 

0.76 

50.4 

23.8 

10.7 

41.5 

65.4 

91.8 

2 

1.19 

7.5 

1.31 

2.3 

1.17 

27.8 

19.1 

14.4 

44.4 

63.6 

72.3 

3 

1.53 

101.1 

2,56 

17.1 

0.91 

132.0 

28.9 

8.4 

40.0 

69.0 

171.8 

4 

0.63 

8.8 

1.36 

3.2 

1.10 

29.4 

19.8 

14.2 

36.2 

56.0 

65.6 

5 

3,07 

87.4 

3.74 

20.7 

0.82 

126.0 

35.9 

10.0 

50.7 

86.5 

177.0 

6 

0.68 

30.3 

4.08 

8.3 

0.86 

58.0 

27.0 

14.1 

56.4 

83.4 

114.2 

7 

1.36 

4.3 

1.34 

7.5 

0.66 

30.0 

24.4 

14.9 

47.5 

71.9 

77.6 

8 

1.07 

5.3 

2.32 

7.3 

0,71 

29.0 

22.6 

12.3 

63.8 

86.5 

92.8 

9 

0.85 

6.2 

1.71 

4.5 

1.04 

25.2 

18.1 

10.9 

42.8 

60.9 

68.0 

10 

0.85 

16,6 

1.06 

7.5 

0.88 

37.6 

20,2 

10.8 

40.5 

60.6 

78.1 

11 

2.39 

69.4 

0.55 

7.8 

1.23 

91.6 

19.8 

10.3 

49.7 

69.5 

141.0 

12 

0.68 

5.5 

1.58 

4.5 

1.03 

26.4 

20.3 

13.3 

43.6 

63.9 

70.2 

13 

1.28 

10.9 

0.79 

10.0 

0.66 

39.5 

27.2 

15.9 

57.2 

84.6 

96.8 

14 

1.70 

89.1 

4.89 

18.7 

1.41 

123.0 

32.4 

7.9 

60.6 

93.0 

183.8 

15 

1.70 

120,8 

5.80 

21.2 

1.63 

158.2 

35.5 

6.9 

43.2 

78.7 

201.0 

16 

0,85 

4.9 

2.26 

8.7 

0,67 

38.6 

29.0 

17.4 

50.5 

79.5 

85.3 


nitrogen were considered statistically in the preceding paper (2), they will not 
be considered further. The ‘^other nitrogen” fraction will not be considered 
statistically because of its undetermined composition and also because varia- 
tions of this fraction are, in general, similar to variations of the other organic 
nitrogen fractions. 

The data concerning the carbohydrate fractions in the stem and the leaf 
tissue, presented in tables 5 and 6 respectively, include the residuals from the 
statistical analysis. 

STATISTICAL CONSIDERATION OF DATA 

The statistical methods employed in the analysis (6) of data were sub- 
stantially the same as those used in the previous papers of this series. The 
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TABLE 2 


Nitroien fraction distribution in com leaf tissue, expressed in milligrams of nitrogen per 100 gm. 

of fresh tissue 


TREAT- 

MENT 

NUMBER 

NH4-N 

NOa-N 

AMIDE 

N 

AMINO 

N 

BASIC 

N 

TOTAL 

SOLUBLE 

N 

SOLUBLE 

ORGANIC 

N 

OTHER 

N (SOL- 
UBLE) 

PROTEIN 

N 

TOTAL 

ORGANIC 

N 

TOTAL 

N 

1 

1.02 

7.8 

5.12 

24.1 

1.69 

75.3 

66.5 

36,6 

248.0 

315.0 

324.0 

2 

1.33 

3.8 

1.71 

16.9 

1.19 

57.3 

52.2 

33.6 

204.0 

256.0 

261.0 

3 

2.37 

48,1 

3.84 

28.2 

1.92 

135.6 

85.2 

53.5 

306.0 

390.0 

441.0 

4 

1.70 

3.4 

1.71 

10.6 

1.43 

44.8 

39.7 

27.6 

208.0 

247.0 

252.0 

5 

2.38 

60.2 

6.82 

45.9 

2.28 

142.2 

80.0 

27.4 

328.0 

408.0 

470.0 

6 

2.73 

18.7 

3.84 

33.2 

1.89 

88.9 

67.4 

31.2 

310.0 

378.0 

399.0 

7 

2.37 

2.7 

3.84 

19.4 

1.52 

57.7 

52.6 

30.1 

219.0 

271.0 

276.0 

8 

2.04 

5.1 

2.55 

23.6 

1.52 

51.6 

44.5 

18.8 

235.0 

279.0 

286.0 

9 

0.68 

4.8 

2.13 

13.0 

1.46 

45.5 

40.0 

24.1 

198.0 

238.0 

244.0 

10 

1.70 

9.2 

3.40 

19.8 

1.99 

64.5 

53.7 

30.1 

267.0 

320.0 

332.0 

11 

1.02 

23.2 

3.84 

21.4 

2.17 

92.3 

68.0 

41.6 

261.0 

330.0 

354.0 

12 

2.37 

6.1 

2.97 

16.5 

1,42 

50.7 

42.3 

23.7 

206.0 

248.0 

257.0 

13 

1.37 

4.1 

2.56 

17.7 

1.43 

62.9 

57.4 

36.9 

228.0 

285.0 

291.0 

14 

4.41 

69.4 

7.64 

45.3 

1.87 

155.5 

81.8 

31.4 

263.0 

345.0 

418.0 

IS 

3.05 

48.1 

5.97 

46.3 

2.20 

160.0 

102.6 

51.0 

282.0 

384.0 

435.0 

16 

1.71 

6.8 

3.41 

26.3 

1.13 

61.6 

53.1 

23.9 

239.0 

292.0 

300.0 


TABLE 3 

Zlj values, or residuals of the statistical analysis of the nitrogen fractions in corn stem tissue 


TREAT - 

MENT 

NUMBER 

NH4-N 

NOa-N 

AMIDE 

N 

AMINO 

N 

BASIC N 

SOLUBLE 

ORGANIC 

N 

protein 

N 

TOTAL 

ORGANIC 

N 

1 

0.07 

- 13.4 

- 1.02 

1.5 

- 0.23 

0.3 

- 0.8 

- 0.4 

2 

0.44 

2.9 

0.12 

- 1.8 

0.26 

- 0.7 

1.5 

0.6 

3 

- 0.40 

7.8 

0.09 

1.9 

- 0.24 

1.2 

1.5 

2.9 

4 

- 0.12 

2.7 

0.80 

- 1.5 

0.22 

- 0.8 

- 2.3 

- 3.1 

5 

0.65 

- 2.3 

- 0.02 

3.0 

- 0.11 

3.8 

- 1.9 

1.9 

6 

- 0.59 

- 5.2 

0.72 

- 4.1 

0.09 

- 0.9 

0 

- 0.9 

7 

0.13 

1.8 

- 0.51 

0.3 

0 

- 0,6 

- 5.1 

1 - 5.7 

8 

- 0.17 

4.3 

- 0.16 

0.7 

0.02 

- 1.6 

6.8 

5.0 

9 

- 0.04 

13.2 

0.88 

2.9 

0.08 

1.6 

- 3.7 

- 2.3 

10 

- 0.07 

- 10.9 

- 0.65 

0.1 

- 0.16 

0 

- 5.4 

- 5.4 

11 

0.31 

- 12.3 

- 1.56 

- 4.9 

0.03 

- 4.6 

7.6 

3.2 

12 

- 0.21 

11.0 

1.38 

2.3 

0.10 

3.0 

1.5 ^ 

4.6 

13 

0.20 

- 15.9 

- 1.65 

- 0.9 

- 0.33 

- 1.8 

6.5 

4.9 

14 

0.59 

29.3 

0.94 

2.6 

0.31 

0.5 

6.1 

6.6 

IS 

- 0.56 

6.8 

1.45 

- 0.2 

0.37 

- 0.6 

- 7.5 

- 8.0 

16 

- 0.23 

- 20.4 

- 0.81 

- 1.6 

- 0.35 

0.8 

- 4.6 

- 4.1 


regression equation is as follows, the assumption being that the various ions 
act independently of each other: 

Xi = a' + /(X2) + /(Xs) +/(X4) + /(X5) +/(X6) + /(X7) 

In these analyses, the Xi values are the weights of the various nitrogen and 
carbohydrate fractions found, as listed in tables 1, 2, 5, and 6. Of the in" 
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TABLE 4 


Zy mines i or residuals of the statistical analysis of the nitrogen fractions in corn leaf tissue 


TREAT- 

MENT 

NUMBER 

NH4-Ni 

NOs-N 

AMIDE 

N 

AMINO 

N 

BASIC N 

SOLUBLE 

ORGANIC 

N 

PROTEIN 

N 

TOTAL 

ORG.4NIC 

N 

i 

-1.04 

-14.1 

0.85 

-1.0 

-0.03 

-0.1 

-16 

-14 

2 

0.29 

3.0 

0 

2.5 

0 

5.5 

-7 

0 

3 

0.58 

7.6 

-0.53 

! -1.8 

-0.09 

2.0 

1 20 

22 

4 

0.16 

3.7 

-0.32 

0.1 

0.12 

-7.5 

1 

-8 

5 

-0.18 

13.6 

1.27 

5.4 

0.03 

-3.6 

9 

8 

6 

-0.10 

-9.3 

-1.60 

-2.4 

-0.07 

0.4 

13 

17 

7 

0.06 

-3.1 

0.63 

-1.6 

-0.03 

5.0 

-21 

-16 

8 

0.23 

-1.8 

-0.34 

-1.3 

0.09 

-2.6 

-9 

-9 

9 

-0.19 

9.0 

0.44 

1.0 

0.07 

3.4 

-4 

0 

10 

-0.19 

-7.7 

-0.84 

-2.9 

0.07 

-2.8 

12 

9 

11 

-0.60 

-12.3 

-0.51 

-6.2 

0.04 

-5.1 ^ 

-16 

-20 

12 

1.00 

11.4 

0.96 

8.4 

-0.09 

5.2 

8 

11 

13 

-1.21 

-12.0 

-1.27 

-6.7 

0.02 

-2.6 

11 

13 

14 

1.31 

31.1 

1.58 

6.3 

0.05 

2.4 

-11 

-11 

IS 

0.22 

-8.8 

-0.20 

2.4 

0.10 

6.6 

-14 

-11 

16 

-0.37 

-10.4 

-0.10 

-2.0 

-0.16 

-6.4 

18 

9 


TABLE 5 

Carbohydrate fractions in corn stem tissue (Xi) and residuals from the statistical analyses (Zy), 
expressed in milligrams of glucose equimlent per 100 gm. fresh tissue 


TREAT- 

MENT 

NUMBER 

REDUCING SUGARS 

SUCROSE 

STARCH, DEXTRINS, 
ETC. 

HEMICELLULOSE 

TOTAL AVAILABLE 
CARBOHYDRATES 



X, 

z', 


/ 

^7 

/ 

^7 


27 

1 

945 

193 

162 

11 

116 

-2 

848 

107 

2,071 

310 

2 

729 

-185 

138 

-48 

144 

7 

854 

-60 

1,865 

-286 

3 

670 

242 

229 

31 

119 

17 

681 

46 

1,699 

337 

4 

703 

-251 

151 

8 

109 

-24 

854 

-92 

1,817 

-361 

5 

580 

-257 

153 

-52 

235 

-10 

640 

-67 

1,608 

-383 

6 

1,320 

159 

173 

15 

262 

1 

855 

42 

1 2,610 

220 

7 

1,510 

147 

170 

20 

298 

22 

1,085 

67 

3,063 

256 

8 

1,285 

-38 

210 

17 

270 

-10 

943 

-43 

2,708 

-72 

9 

750 

10 

206 

64 

162 

-14 

890 

-32 

2,008 

28 

10 

632 

54 

140 

33 

158 

3 

750 

1 

1,680 

90 

11 

367 

113 

82 

-72 

121 

-18 

621 

-22 

1,191 

0 

12 

593 

-187 

70 

-29 

199 

29 

1,005 

51 

1,867 

-140 

13 

1,460 

293 

135 

7 

129 

-28 

967 

-27 

2,691 

243 

14 

560 

-405 

74 

-62 

139 

-3 

639 

-150 

1,412 

-619 

IS 

544 

-97 

272 

89 

136 

10 

726 

43 

1,678 

46 

;i6 

1,337 

210 

138 

-33 

177 

16 

1,098 

136 

2,750 

329 


dependent variables, represents the nitratey Z3 the potassium, X4 the phos- 
phate, Xs the calcium, X^ the sulfate, and X7 the magnesium concentrations 
in the substrate. The factor a"', again included in the values found for X^ in 
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the analyses, represents the statistically isolated effect of the nitrate level in 
the substrate upon the nitrogen or carbohydrate fraction under consideration 
found in the tissue. 

Because of this inclusion of the a! factor in the X[ values, the net regression 
cui*ves representing the effect of concentration of NO 3 upon the amount of 
each fraction found, are determined to be all positive values. The X 3 to 
X 7 values, represented by separate curves, are all corrections to be applied to 
the nitrate curves. These corrections are additive, depending upon the solu- 
tion concentrations actually employed, and their accuracy is a function of the 
residuals, or Z 7 values, listed in tables 3-6. The various X' values may be read 
directly from the regression curves. 

TABLE 6 


CdThohydfdte ftactions in corn leaf tissue (Xi) and residuals front the statistical analyses {Zf)^ 
expressed in milligrams of glucose equivalent per 100 gm. fresh tissue 


TREAT- 

MENT 

NUMBER 

REDUCING SUGAR 

SUCROSE 

STARCH, DEXTRINS, 
ETC. 

1 HEMICELLULOSE 

TOTAL AVAILABLE 
CARBOHYDRATES 


^7 ; 




^7 

^7 

2 ,’ 


Z , 

1 

389 

92 

143 

23 

163 

-11 

3,140 

101 

3,835 

201 

2 

'239 

-39 

118 

-1 

250 

-27 

3,490 

-182 

4,097 

-246 

3 

247 i 

76 

166 

27 

177 

42 

2,920 I 

106 

3,510 

251 

4 

251 

-128 

137 

-50 

268 

-3 

3,650 1 

-24 

4,306 

-206 

5 

359 1 

-171 

176 

2 j 

300 

25 

3,100 

10 

3,935 

-139 

6 

778 

122 

179 

24 

352 

18 

3,180 

-135 

4,489 

40 

7 

880 

142 

152 

-70 

379 

-32 

4,000 

50 

5,411 

84 

8 

547 

-90 

196 

42 

406 

-11 

4,020 

72 

5,169 

11 

9 

267 

-5 

141 

-52 

475 

10 

3,640 

-62 

4,523 

-104 

10 

204 

-87 

187 

-7 

405 

43 

3,370 

301 

4,166 

248 

11 

i 339 

174 

181 

-32 

263 

-60 

2,560 

-284 

3,343 

-200 

12 

288 

-85 

352 

91 

466 

7 

3,750 

46 

4,856 

60 

13 

800 

I 77 

281 

29 

424 

30 

3,510 

-72 

5,015 

63 

14 

513 

1 -128 

143 

-42 

249 

-48 

2,680 

-267 

3,585 

-489 

15 

437 

^ -78 

209 

5 

250 

-8 

2,890 

168 

3,786 

87 

16 

753 

131 

191 

7 

427 

27 

3,750 

170 

5,121 

338 


Partial correlation coefiScients have not been calculated. The absolute 
reliability of the net regression curves is not known, therefore; but since in- 
terpretation of the curves will be confined to obvious trends, the significance 
of the curves should not be impaired. 

Nitrogen fractions 

Figure 1 represents the effect of the concentrations of the nutrient ions in the 
substrate upon the nitrate nitrogen content of the tissue. Nitrate nitrogen 
in the tissue varies directly with the NO^ concentration and inversely with 
the Ca"^ and with the K+ concentration of the substrate. It is suggested 
that these latter inverse variations, which will be further discussed later in the 
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paper, are associated withi an increased growth rate resulting from a favorable 
ionic balance in the substrate. 

The net regression curves representing the accumulation of ammonium 
nitrogen in the tissue, shown in figure 2, are based upon statistical analysis 
which left disproportionately large Z' values. Nevertheless, the ammonium 
content of the tissue varies directly with the nitrate concentration of the sub- 
strate and inversely with the K+ concentration. 

There is a pronounced positive correlation between the NO^ concentration 
of the substrate, as well as a negative correlation between tlie K+ concentration 




012345678910 
Parts o> Min 

Leaf Tissue 



Fig. 1 


Fig. 2 


Figs. 1 and 2. Net Regression Curves Showing the Eeeects of Concentration of 
THE Various Ions in the Substrate upon Accumulation of Nitrate 
Nitrogen (Fig. 1) and Ammonium Nitrogen (Fig. 2) in Corn Tissue 
The nitrogen found is expressed in milligrams per 100 gm. fresh tissue 

of the substrate, and the cr-amino nitrogen content of the tissues. The amino 
nitrogen fraction comprises a considerable part of the total soluble nitrogen, 
as seen in tables 1 and 2. Variations in the concentration of are every bit 
as effective as variations in the NO^ concentration upon the a-amino nitrogen 
content of the tissue, although the effects are opposite in sign. 

Correlations similar to those in figures 1, 2, and 3 are shown in figure 4 with 
respect to the relation between substrate ion concentration and the amide 
nitrogen content of the tissues. . 

The effects of ionic substrate concentrations upon the basic nitrogen content 
of the tissues are graphically represented in figure 5. The chemical com- 
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position of this nitrogen fraction is not known, and its metabolic significance 
is not well understood. It is not generally considered to be a fraction essential 
in the direct path of protein synthesis. There is a direct correlation between 
high NO 3 " concentration in the substrate and high basic nitrogen content of 
the tissue, but variations in the substrate concentrations of the other nutrient 
ions do not affect the tissue content of this nitrogen fraction significantly. 

The protein nitrogen fraction (fig. 6 ) represents a large proportion of the 
nitrogen of the plant, and the small Z^ values of tables 3 and 4 indicate that the 
statistical analysis is highly accurate. Here, again, there are significant cor- 
relations. The NOr concentration of the substrate has no apparent effect upon 
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Leaf Tissue 


Leaf Tissue 
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Stem Tissue 
Fig. 3 


Stem Tissue 
Fig. 4 


Figs. 3 and 4. Net Regression Curves Showing the Effects oe Concentration of the 
Various Ions in the Substrate upon Accumulation of oj-Amino 
Nitrogen (Fig, 3) and Amide Nitrogen (Fig. 4) in Corn Tissue 
The nitrogen found is expressed in milligrams per 100 gm. fresh tissue 

the amount of protein in the stem tissue but is positively correlated with the 
protein content of the leaf tissue. Increasing K+ concentrations in the sub- 
strate are again inversely related to the protein content. Increasing Ca"^ 
concentrations are associated with slightly increasing protein content of the 
leaf tissue, but there is no such correlation in the case of the stem tissue. Inas- 
much as the variations in protein content due to the level of concentration of 
or Ca"^ in the substrate are very small with respect to the total protein 
content, it is probable that they represent fluctuations in the storage proteins 
only, or that they may be due to variations in the water content of the tissues. 
Figures 7 and 8 show correlations with nutrient ion concentrations of soluble 







Fig. 5 


Fig. 6 


Figs. 5 and 6. Net Regression Curves Showing the Eeeects of Concentration or the 
Various Ions in the Substrate upon Accumulation of Basic Nitrogen 
(Fig. 5) and Protein Nitrogen (Fig. 6) in Corn Tissue 
The nitrogen found is expressed in milligrams per 100 gm. fresh tissue 

Carbohydrate fractions 

It is well known that the plant requires large amounts of energy in the syn- 
thesis of proteins and especially in the reduction of nitrates and that the 
source of this energy is the oxidation or dehydrogenation of available carbo- 
hydrates. No study of nitrogen metabolism is really complete without a 
consideration of this energ}^ source, since in healthy plants the rate of energy 
supply is probably the most important single factor concerned with the rate of 
protein synthesis and growth. 
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organic and total organic nitrogen fractions, each of which includes heterog- 
enous nitrogenous fractions, and are here presented in order to emphasize 
relationships previously discussed. They serve also to emphasize the fact that 
the effects of the cations are more pronounced upon the soluble than upon the 
insoluble nitrogenous fractions. 

It is evident from the data that variations in the nutrient concentrations of 
the P04^, S04“, and Mg’^ ions within the limits employed do not significantly 
affect the tissue content of the nitrogenous fractions determined. The lowest 
concentrations of each of these ions in the nutrient solutions exceeded the 
concentrations below which external symptoms of the deficiency of the respec- 
tive ions usually occur. 
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In corn plants, hexose sugars are generally considered as the carbohydrates 
utilized as the energy source. Sucrose has been considered particularly im- 
portant in translocation and storage, and the more highly condensed non- 
soluble carbohydrates function principally as storage products. 

Although convenient methods used for separating the carbohydrate fractions 
are not specific, the separation methods used in this work were considered ade- 
quate for comparisons. 

Figure 9 represents the net regression curves determined from the reducing 
sugar analyses. Each curve represents the isolated effect of the concentration 
of each ion in the substrate upon the reducing sugar concentration found iii the 
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Figs. 7 and 8, Net Regression Curves Showing the Eeeects of Concentration of the 
Various Ions in the Substrate upon Accumulation of Soluble Organic 
Nitrogen (Fig. 7) and Total Organic Nitrogen (Fig. 8) in Corn Tissue 
The nitrogen found is expressed in milligrams per 100 gm. fresh tissue 
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tissue. Many studies of nitrogen-carbohydrate metabolism have shown that 
with a high nitrogen supply the total carbohydrate content of plant tissue is 
relatively low. The reducing sugar content of the tissues of such plants has 
often been found to be relatively high, but on the other hand sometimes has 
been found to be relatively low. Factors usually undetermined are evidently 
responsible for these differences. Figure 9 shows that in the present experi- 
ment the reducing sugar content of both the leaf and stem tissues decreased 
with increasing NO^" concentrations in the substrate. An important factor 
in this connection may be the relative K+ concentration of the substrate. 
Figure 9 shows that increases in the concentration in the substrate were 
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associated with decreases in the reducing sugar content of the tissue, and that 
these decreases were comparable in magnitude with those caused by increases 
in the NO3 concentration. In many studies of nitrogen nutritioUj the physi- 
ological significance of the ion accompanying the NH^ or NOS" is ignored in 
formulating the composition of solution used in varying the nitrogen levels. 
Consequently, observed variations in reducing sugar content of the tissues may 
be ascribed entirely to variations in nitrogen concentrations, whereas in reality 
these variations may be considerably influenced by variations in relative 
concentrations of the accompanying ion. The importance of cation balance 
in connection with the growth and chemical composition of these plants has 
been discussed in two previous papers (2, 3). 


CoPRECTio'i 




Fig. 9. Net Regression Curves Showing the Eeeects of Concentration of the Various 
Ions in the Substrate upon Accumulation of Reducing Sugars 
IN Corn Tissue 

The reducing sugars found are expressed in milligrams of glucose equivalent per 100 gm. 

fresh tissue 

The importance of cation balance with respect to the relation between nitro- 
gen content of the substrate and reducing sugar content of the tissue is evident 
if potassium is a regulating factor, direct or indirect, in energy release and 
glucose oxidation. 

There is some evidence in the field of animal biochemistry that this is the 
case, and that potassium functions either as a co-catalyst with enzymes or as a 
catalyst in the formation of enzymes, which in turn bring about energy release 
in the breakdown of glucose. It has long been observed that potassium is 
closely correlated with irritability in animal tissue , and that the concentration 
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of potassium in nerve and brain tissues is very high, Ashford and Dixon (l)^ 
working with rabbit brain slices, found that the presence of 0.1 M KCl greatly 
increases the production of lactic acid from glucose, in the presence of oxygen. 

Reducing Sugars 

Milligrams Glucose Equivalent 
PER 100 GRAMS Fresh Tissue 




Fig. 10. Intekrelationship oe Concentrations oe the Various Cations, as They 
Influence Reducing Sugars Found 

The prisms, left to right, represent high nitrate (nitrate 8 parts, sulfate 1 part, and phos- 
phate 1 part), medium nitrate (nitrate 3 parts, sulfate 4 parts, and phosphate 3 parts), low 
nitrate (high phosphate), and low nitrate (high sulfate). The cation distribution indicated 
at the corners of each prism represents high concentration where there is a substrate con- 
centration of 8 parts of the cation indicated and 1 part of each of the two other cations. 

Under low potassium conditions in plant tissue, increase in glucose concen- 
tration despite added nitrogen might be accounted for if this specific energy 
release role in plant metabolism be assigned to potassium. Such a role for 
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potassium in plant metabolism likewise might account for the relatively high 
potassium requirement of meristematic tissues. 

The relations between the nutrient concentrations of NOi" and K+ and the 
reducing sugar content of the tissues are shown diagrammatically in figure 10. 
The reducing sugar content of the tissue is plotted at four points^ in each 
prism diagram, against the relative concentration of each of the three cations 
in the substrate. The form of the curves which limit the upper surface was 
determined by estimation, using the locations of the central point on the upper 
surface and the upper points on the prism diagrams as reference points. It was 
felt that an estimate of the probable location of the internal points of these 
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Fig. 11. Net Regression Curves Showing the Effects of Concentration of the 
Various Ions in the Substrate upon Accumulation of Sucrose 
in Corn Tissue 

The sucrose found is expressed in milligrams of glucose equivalent per 100 gm. 

fresh tissue 


curves would be much nearer to their actual location than would straight line 
connections. The distance of this upper surface from the base at any point is a 
measure of the tissue content of reducing sugars found. 

A consideration of figure 10 shows that regardless of the variations in re- 
ducing sugars found under other nutritional conditions, high K+ concentration 
is definitely correlated with low reducing sugars, at any level of NOF in the 
substrate. 

Returning to the consideration of the nitrogen fraction data, and bearing in 
mind that the tissue contents of all those fractions directly concerned with the 
synthesis of proteins decrease with increasing potassium concentration in the 
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substrate, we find here a substantiation of the close relationship between the 
concentration and energy release in the tissue. It is more logical to assume 
that the influence of potassium in all these nitrogen assimilation processes is 

Sucrose 

^liLLiGRAMS Glucose Equivalent 

PER 100 GRAMS FRESH TISSUE 
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Fig. 12 . Interrelationship of Concentrations of the Various Cations, as They 
Influence the Sucrose Found 

The prisms, left to right, represent high nitrate, medium nitrate, low nitrate (high phos- 
phate), and low nitrate (high sulfate). The cation distribution indicated at the corners of 
each prism represents high concentration. 


due indirectly to the release of energy in the tissues, which in turn is associated 
with the assimilation of nitrogen to proteins, than it is to consider that the 
potassium ion catalyzes directly every step in these synthetic processes. This 



Fig. 13. Net Regression Curves Showing the Efeects of Concentration of the 
Various Ions in the Substrate upon Accumulation of Starch and 
Dextrins in Corn Tissue 

The starch and dextrins found are expressed in milligrams of glucose equivalent per 100 gm. 

fresh tissue 


Figures 13 to 16 showing the effect of the nutrient ions upon starch and dex- 
trin and hemicellulose accumulation are of interest for three reasons: first, 
there is a tremendous dip in the regression curve for the effect of potassium 
on the starch and dextrin content of the tissues; second, aside from this dip, 
high and low proportions of K+ show no significant effect on the concentration 
of the reserve carbohydrates; third, the figures indicate that calcium may func- 
tion in some manner in the accumulation of storage carbohydrates. 

In regard to the first point of interest, according to the method by which the 
nutrient solutions were prepared, when K+ was present in the substrate at 
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Conception of the major function of potassium in metabolic processes is sug- 
gested by these data. 

A consideration of figures 11 and 12, which show the relations between the 
ionic substrate concentrations and the sucrose content of the tissue, leads to no 
definite conclusions. Sucrose represents a translocatory and a temporary 
storage form of carbohydrates in corn tissue, and its relative concentration in 
the tissues is not readily correlated with the variations of nutrient ions. Das 
(5) and others have found a negative correlation between the sucrose con- 
centration and the hydration of the tissue, and this correlation may be impor- 
tant in connection with the interpretation of these results. 
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three relative parts, the concentrations of Ca++ and were fixed at three 
and four relative parts respectively (3). Consequently, since the statistical 
allowance to be made for potassium was removed first (the effect of K+ con- 

Starch, dmms , etc 

HiLLiSRAHS Glucose EouiVAiENT 
PER 100 SRAMS Fresh Tissue 

500 “ - 500 - -500 - 500 —'-- 500 . 




Fig. 14. Interrelationship or Concentrations oe the Various Cations, as They 
Inpluence the Starch and Dextrins Found 
The prisms, left to right, represent high nitrate, medium nitrate, low nitrate (high phos- 
phate), and low nitrate (high sulfate). The cation distribution indicated at the corners of 
each prism represents high concentration. 

centration was represented by the X 2 value), the allowance for con- 
centration at three relative parts and for Mg"^ concentration at four relative 
parts was removed with it. The dip in the curve showing the effect of potas- 
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sitim. (fig. 13) may be associated with the catioa balance of the nutrient me- 
dium, but its metabolic significance is not clear from this method of analysis. 
The actual picture with respect to the effect of nutrient ions upon starch and 
dextrin content of the tissues is clearer in figure 14. 

The second interesting point concerning the regression curves of figures 13 
to 16 is particularly obvious with regard to the effect of K+ concentration upon 
the hemicellulose content of the tissue (figs. 15, 16). An explanation of this 
lack of significant effect is suggested by a consideration of the curves represent- 
ing the effect of the nitrate concentration upon the tissue content of the carbo- 
hydrate fractions. It was suggested previously that the relative potassium 
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Fig. 15. Net Regression Curves Showing the Effects of Concentration of the 
Various Ions in tne Substrate upon Accumulation of Hemicelluloses 
IN Corn Tissue 

The hemicelluloses found are expressed in milligrams of glucose equivalent per 100 gm. 

fresh tissue 


concentration conditions the rate of energy release through hexose sugar 
oxidation, which in turn conditions the rate of nitrogen assimilation. Since 
the rate of nitrogen assimilation cannot proceed more rapidly than the rate 
at which nitrogen is supplied for assimilation, this latter factor conditions 
the whole process, and in the final analysis, the reserve of carbohydrates there- 
fore is dependent largely upon the concentration of the available nitrogen. 
It is believed that this is the principal reason why the role of potassium has so 
long been obscure. The function of potassium must be studied through its 
effect upon the immediate energy source, hexose sugars. It is also essential 
that the effect of different concentrations of potassium should be studied simul- 
taneously at several different levels of nitrogen supply, in order to obtain a 
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true' picture of the effect of K"^ concentration upon carbohydrate-nitrogen 
iationsliips in the plant. 

Hemiclllulose 

Milligrams Glucose Equivalent 
PER 100 CRAMS Fresh Tissue 


^ Stem 

K' Tissue 


Fig. 16 . Interrelationship op Concentrations of the Various Cations, as They 
Influence the Hemicelluloses Found 

The prisms, left to right, represent high nitrate, medium nitrate, low nitrate (high phos- 
phate), and low nitrate (high sulfate). The cation distribution indicated at the corners of 
each prism represents high concentration. 


In view of the high negative correlation between K*^ concentration in the 
substrate and reducing sugar content of the tissue, it is not clear at present why 
a similar correlation was not found to exist between the potassium concen- 
tration and carbohydrate reserves. If, however, these reserve carbohydrates 



NUTRITION STUDIES WITH CORN 


237 


were formed more rapidly in the high potassium tissues than in the low potas- 
sium tissues, this might account for the lack of close correlation between the 
K+ concentration and reserve carbohydrate content. In this connection, any 
role of potassium which directly or indirectly increases the efficiency of carbon 
assimilation wmuld therefore account for the rather high accumulation of 
storage carbohydrates in the high potassium tissues without necessarily 
affecting the content of reducing sugars. Many studies have already in- 
dicated the importance of the role of potassium in this regard. 

Finally, though figures 13-16 indicate that calcium may function in the 
accumulation of storage carbohydrates, the manner in which it fuctions is 
certainly not evident from these data. But since it has been established by a 
statistical correlation, not included in this paper, that high calcium tissues 
are relatively higher in per cent dry weight than are high potassium or high 
magnesium tissues, it is possible that this may have the effect of shifting the 
carbohydrate equilibria from simple sugars toward the storage carbohydrate 
condition. 

SUMMARY 

Carbohydrate and nitrogen fraction relationships were interpreted statis- 
tically in an attempt to establish correlations between the concentrations of 
the various nutrient ions in the substrate and the status of nitrogen metabolism 
with tissues of corn, grown in sand culture using a variable ion proportion 
series. AU calculations were based on fresh weight data. 

Within the limits used, PO 4 " and S 04 “ concentrations were found to have no 
demonstrable correlation with nitrogen metabolism. 

Increasingly high NOF concentrations in the substrate were found to in- 
crease the content of nitrate, ammonium, basic-free a-amino, amide, basic, 
and protein nitrogen in the tissues. 

Increasingly high concentrations of NOF in the substrate were found to 
decrease the tissue content of reducing sugars, starch and dextrins, and hemi- 
celluloses. 

Increasingly high concentrations of Ca++ in the substrate were found to 
decrease slightly the soluble nitrogen fractions, to increase slightly the protein 
nitrogen content, and to increase the complex reserve carbohydrate content of 
the tissues. No significant correlations were found between Ca*^ in the sub- 
strate concentration and the reducing sugar and sucrose content of the tissues. 

Increasingly high Mg++ concentrations within the limits used were found to 
have no appreciable effect upon carbohydrate-nitrogen relationships. 

Increasingly high K+ concentrations in the substrate WQie found to have 
little effect upon protein or basic nitrogen content of the tissues but were found 
to decrease the tissue content of all other soluble nitrogen fractions. In- 
creasingly high K+ concentrations in the substrate were found to decrease, also, 
the content of reducing sugars in the tissue but to have no appreciable effect 
upon sucrose, starch and dextrin, or hemicellulose content of the tissue. 
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As a result of these experiments it is suggested that potassium may be essen- 
tial to the processes by which energy utilized in nitrogen metabolism is released 
from the simple sugars. 
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A new method of determining soil cohesion, as outlined in a previous paper 
(3), consists in measuring the force required to break a semicircular pellet 
1 inch in diameter, the load being applied on the center of the curved surface. 

A minor modification in the technic has been to use a steel ball 1 inch in 
diameter instead of a flat surface for applying the force. This ensures a more 
uniform distribution of the load through a point contact. 

INFLUENCE OF CLAY 

Clay is the most important constituent of soils, for it acts as the binder and 
is almost entirely responsible for the cohesion in dry soils. The magnitude of 
the force of cohesion must depend on the points of contact between the par- 
ticles. Obviously, the smaller the particles, the more numerous are the points 
of contact in a given weight of the most closely packed soil. This pertains, of 
course, only to spherical particles, but the argument will not be materially 
affected in the case of sand particles of irregular shape for purposes of com- 
parison. Clay acts like glue in binding the particles together, and it would be 
interesting to know how this cementing action is influenced by the size of the 
particles. 

The effect of increasing amounts of clay on the cohesion in silt (average diam- 
eter 0.0764 mm.) and sand (average diameter 0.2587 mm.) was studied. The 
results are plotted in figure 1. It will be seen that the cementing action for a 
given percentage of clay is greater in silt than in sand, though the maximum 
value is the same in both cases. Another point worth noting is that beyond a 
certain limit, further additions of clay do not increase cohesion. This condition 
is evidently reached when all the spaces between the larger particles have been 
filled with clay, so that any further increase merely pushes these particles 
apart, in which case we are, in fact, dealing with cohesion between clay particles 
which have completely enveloped the larger particles. It is obvious from these 
results that a much larger amount of clay binder will be requhed for sand than 
for silt to attain maximum strength. In order, therefore, to save as much of 
the valuable binder material as possible, the voids between the larger particles 
must be filled with smaller particles of a gradually diminishing size. 

In order to obtain fuller information on the exact relation between the size 
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xticles and changes in cohesion due to the addition of clay, sand and silt 

cles of various sizes were separated by means of Puri siltometer (2) and 
er sedimentation respectively. To the various fractions increasing 


Fig. 1. REtAiioN Between Cohesion and the Clav Content oe Silt and Sand 
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Fig. 2. Efpect on Cohesion of Clay Soil of Percentage of Clay and Size of Sand 

AND Silt Particles 

amounts of clay were added, and cohesion was measured. The clay was 
from an alluvial deposit containing 89 per cent particles below 0.002 mm. 
diameter, and only 5 per cent above 0.02 mm. diameter. It was not considered 
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necessary to separate the conventional clay fraction, and the whole of it was 
taken as clay for purposes of comparison. The results are plotted in figure 2. 
It will be seen that cohesion for the same percentage of clay rapidly falls as 
the particle size increases to a limit beyond which the effect of size of particles 
becomes negligible. Another interesting point noticed in these results is that 
the maximum cohesion of 100 per cent clay is of the order of 38 kgm. This 
rvalue is by no means the maximum for clays of different types. In fact, many 
soils containing much less clay show higher values. It is for this reason that 
the relation between clay and cohesion in natural soils is only qualitative. 

EPPECX OP HYGROSCOPIC MOISTURE AND EXCHANGEABLE BASES 

Effect of moisture on soil cohesion has been studied chiefly in the wetter 
regions, where it is entirely accounted for by the surface tension of the liquid 
films of decreasing thickness which draws the particles closer and closer. In 
the regions of hygroscopic moisture, drying or wetting leads to very little 
change in volume of the soil as a whole, and consequently the limit of com- 
pactness has been reached and the particles can draw no closer together on 
further drying. This region, therefore, seems to have presented no point of 
interest, and information regarding it is confined to a few isolated observations. 
The enormous change in cohesion due to the drying of the hygroscopic mois- 
ture leads one to the conclusion that beyond a certain degree of wetness the 
cohesive forces in soils are partly molecular and therefore might be associated 
with the nature of the exchangeable ion in the clay complex. 

The influence of exchangeable bases and hygroscopic moisture was studied 
on single-base soils by first removing all the exchangeable bases by 0.05 N 
HCl treatment and then adding hydroxides of various metals. The soils were 
oven dried and then gradually allowed to take up moisture from atmospheres 
of different humidities in vacuum desiccators for 72 hours. In the soils to 
which NaOH and Ca(OH )2 had been added, the relation between moisture 
and cohesion was also studied by gradually drying the soils. The results are 
plotted in figure 3, from which the following conclusions may be drawn: 

The effect of exchangeable bases on soil cohesion is maximum when the soil is dry. The 
absorption of moisture leads to a narrowing of the differences due to ions, which become 
negligible when the soil is in equilibrium with 90 per cent relative humidit 3 ^ 

The order of cohesion for the dry soil follows the generally accepted order of dissociation 
for these ions. 

The relation between moisture content and cohesion is substantially the same, whether 
the soil is gradually dried or rewetted. 

The greater cohesion in Na- and Li-sofls, in comparison with other single- 
base soils, may be due to a stronger bond between the dissociated ions, or it 
may be caused by the enhanced dispersion of the clay particles. For instance, 
it can be shown that in Na- and Li-soils, the dispersion of clay is much greater 
than in the case of other ions. The high dispersion would result in a larger 
number of points of contact, and the cohesive forces would be greater. The 


242 Amu NATH PUHI, A. G. ASGHAHj AND A. N. DUA 

latter view is probably the correct one, for if the soil is first completely dis- 
persed and then converted into a H-soii by . acid treatment and different ions 
are introduced as hydroxides without allowing the soil to dry, the cohesion is 
enormously increased over that of iindispersed soil. This will be seen from 
table 1 ill which the effect of exchangeable ions on the dispersed and undis- 
persed soils is compared. The cohesion was measured on the dry soils. The 
effect of cations even in the dispersed soils persists. This would seem to 
indicate that apart from the state of dispersion the cations may have a specific 



Fig. 3. Eftect of Moisture on Cohesion in Single-Base Soils 
TABLE 1 


Cohesion of soil as afected by various ions, by dispersion, and by remaking of broken pellets 


IONS 

■ i 

UNDISPERSED SOIL 

DISPERSED SOIL 

Original pellet 

Remade pellet 

Original pellet 

Remade pellet 


kgm. 

kgm. 

kgm. 

kgm. 

Li 

32.3 

40.1 

44.5 

54.6 

Na... 

23.2 

23.2 

40.9 

46.3 

K 

16.7 

19.1 

33.8 

29.3 

Mg 

16.0 

15.2 

33.1 

32.8 

Ca. 

14.1 

11.4 

27.8 

31.2 

Sr 

10.9 

12.9 

30.0 

29.1 

Ba 

9.1 

■ 12.8 

25.9 

26.6 

H 

9.0 


23.2 

21.1 


effect. It was noticed, however, in another study of the ultramechanical 
analysis of soils (5) that although the amount of conventional clay in a dis- 
persed soil was the same whatever the nature of the cation introduced, this 
was not true of particles finer than clay, which showed a higher percentage in 
the case of Li and Na ions. These finer particles would easily account for the 
greater cohesion in Na- and Li-soils. 

The effect of pH value on the cohesion of single-base soils wms next studied 
by adding increasing amounts of the various hydroxides to a H-soil. The 
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results are shown in figure 4. The high cohesion of Na- and Li-soils is again 
brought out. It is seen that, in the case of Na and K, the cohesion reaches a 
maximum value, beyond which further additions of alkali result in a lowering of 
the cohesion. Li ions, on the other hand, show no such falling off in the cohe- 
sion. The difference is most probably due to the flocculating effect of NaOH 
and KOH, an effect which is absent in the case of LiOH. It might be men- 
tioned that flocculating at these concentrations of NaOH has not been ob- 
served in suspensions, but at low moisture contents at which the cohesive forces^ 



Fig. 4 Fig. 5 

Fig. 4. ErPECx or pH Value on Cohesion of Soil with Various Hydroxides 
Fig. 5. Effect of pH Value on Cohesion of Soil in the Presence of Sugar and 

Glycerine 

come into play, the concentration of the Na ions might easily go high enough 
to cause flocculation. 

The effect of flocculation with CaCh on cohesion of a sodium soil was also 
studied. The soil was first completely dispersed by shaking with Na 2 C 03 - 
NaOH, and then increasing amounts of CaCh were added to the suspension 
until flocculation was observed. It must be understood that the flocculation 
value of the suspension may not correspond with the flocculation of the soil 
at low moisture content. The decrease in cohesion therefore could be ex- 
pected to have occurred before flocculation was observed, when 8 m.e. CaCh 
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was added. The results given in table 2 show that the presence of CaCl 2 
causes a substantial reduction in the cohesion of the dry soil. 

The effect of calcium silicate on the cohesion of the soil must be distinguished 
from that of other salts. In this case the effect is negligible up to 3 per cent 
and then becomes pronounced. The results are given in table 3. Very likely 
the enhanced cohesion results from the slow formation of calcium silicate, in 
which case we are not dealing with the cohesion of the soil but with that of 
crystals of calcium silicate. 

The effect of driving away the water of constitution on the cohesion of soils 
was also studied by heatmg single-base soils to various temperatures for 4 


TABLE 2 

Efect of CaCh on the cohesion of sodium soil 


CaCls PER 100 GM. son. 

COHESION 

m.t. 

kgm. 

0 

32.0 

2 

26.4 

4 

24.5 

6 

24,5 

8 

20.7 

10 

19.0 


TABLE 3 

Efect of ft eshly precipitated calcium silicate on soil cohesion 


CALCIUM SILICATE 

COHESION 

^er cent 

kgm. 

0 

16.8 

1 

15.4 

2 

17.3 

3 

17.7 

4 

32.0 

5 

44.6 


hours. The results, given in table 4, show that cohesion first decreases and 
then increases. The decrease is very likely due to the destruction of the 
colloidal surface, resulting in a certain amount of contraction and reduction in 
the points of contact. The initial dehydration is followed by the fusion of 
the silicates, resulting in an increase in cohesion. It is a remarkable fact that 
the cohesion of the dry soil is as great as that of the soil ignited at SOO^C. 

As glycerine and sugar are supposed to increase the ionization of acids (1), 
the cohesion of H-soil should increase in the presence of these substances. One 
part of glycerine or sugar was added to 100 parts of a H-soil brought to dif- 
ferent pH values by the addition of NaOH. The cohesion of these soils was 
then determined in the dry state. The results, plotted in figure 5, show that, 
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except for the glycerine- treated soil at 11 pH, cohesion is slightly increased 
at all pH values. The effect of sugar at high pH value is extraordinarily great. 
It is interesting to note that the effect of glycerine and sugar is maximum at 
pH 7.5. An increase beyond this pH results in a reduction in the cohesion. 

In view of the importance of molasses in the stabilization of earth roads, its 
effect on cohesion was studied in some detail. Increasing quantities of 
molasses were added to a Na- and a Ca-soil, and cohesion was measured after 
drying over H 2 SO 4 . The results, given in table 5, show that both soils give 
increased cohesion with molasses. The maximum value is reached with 2 per 
cent molasses, and further increase apparently has no effect. The high cohe- 
sion values for the Na-soil as compared to the Ca-soil are noteworthy. 

TABLE 4 

Efect of heating soils at different temperatures on cohesion 


NATURE OE CATION 



H 2 SO 4 - 

dried 

150“C. 

300°C. 

500°C. 

60O“C. 1 

700*0. 

800*C. 


kgm. 

kgm. 

kgm. 

kgm. 

kgm. 

kgm. 

kgm. 

Na 

24.2 

14.0 

11.8 

14.6 

19.1 

19.1 

24.0 

K 

16.0 

10.0 

7.4 

8.2 1 

9.6 

9.6 

13.0 

Mg 

11.6 

6.4 

4.1 

5.4 

6.0 

6.0 

10.0 

Ca 

8.2 

5.0 

3.6 

4.1 

5.0 

5.0 

7.3 

H 

5.4 

4.0 

3.2 

3.2 

3.7 

4.1 

5.4 


TABLE 5 

Effect of molasses on the cohesion of Na- and Ca-soils 


Molasses per cent 

0 

X 

2 

3 


kgm. 

kgm. 

kgm. 

kgm. 

Na-soii 

23.6 

28.0 

43.2 

41.5 

Ca-soil 

10.0 

12.3 

21.0 

20.4 


To determine whether the enhanced cohesion of the dry soil is lost on 
rewetting, the Na- and Ca-soils containing 2 per cent molasses were rewetted 
in atmospheres of increasing humidities, and the cohesion was determined 
after the pellets had reached a state of equilibrium with moisture. The 
results, given in table 6 , show that cohesion decreases on rewetting. 

To explain the binding forces between clay particles in a soil crumb, Russell 
( 6 ) has put forward the hypothesis that the particles are held together by 
orientated molecules of a polar liquid. These polar molecules lie between 
negative charges on the clay surface and the exchangeable cations that have 
dissociated from the clay surface and are strongly orientated in the electro- 
static field between these charges. The following objections to this hypothesis 
might be raised : 
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Soft crumbs are given only by those liquids in which the soil would not disperse, and 
without dispersion the colloidal clay which acts as binder cannot be released. For the forces 
of cohesion to come into play, the substance should be either in solution or in a fine state of 
subdivision in such a w^ay that the residue left on evaporation is amorphous. It is for this 
reason that gum or glue behaves as an excellent binder. None of these substances would 
show any binding property if the liquid used did not act as a solvent or a dispersed medium. 
The important consideration is whether a substance can dissolve or disperse in a liquid and 
not whether the latter is polar or nonpolar. Certain resins dissolved in nonpolar liquids 
might }deld excellent binding material on drying. 

If the soil is completely dried, the binding link due to the orientated molecules of the 
dispersion medium must break down and the soil fall to a powder, but no such thing happens. 

The soli colloids behave like weak electrolytes, and the proportion of cations dissociated is 
very small as compared to the total base (hardly 1 per cent). Any effect due to the orienta- 
tion of dissociated ions, therefore, would be slight. Further, in accordance with the general 
behavior of weak electrolytes, the number of dissociated ions must decrease as water evapo- 
rates and the solution becomes more concentrated. The loss of moisture therefore must re- 
sult in a decrease of cohesion, a conclusion contrary to fact. 

Ill view of the enormous increase in cohesion when the last traces of water 
are removed from soil, any explanation based on the orientation of water 

TABLE 6 


Decrease in cohesion on rewetiing of soil containing % per cent molasses 



j COHESION 

Humidity. per cent 

0 

10 

30 

50 

70 

98 

Na-soil 

kgm. 

38.6 

25.4 

18.2 

kgm. 

38.10 
! 23.0 

1 25.4 

kgm. 

28.2 

20.0 

16.3 

kgm. 

25.4 
18.2 

14.5 

kgm. 

16.4 

11.8 

12.3 

kgm. 

6.4 

6.4 

6.0 

Ca-soiL 

Na-soii with cement 


molecules is untenable. Not only is the actual amount of dissociated ions in 
a soil small, but in the presence of a small quantity of an electrolyte (1) it be- 
comes almost negligible, an amount which would produce no effect on cohesion. 
It would be a mistake to consider the soil surface as consisting only of disso- 
ciated ions. The titration curves of soil suspensions, the changes in con- 
ductivity due to dilution, and the rapidity of base-exchange reactions, all 
point to the fact that the system soil-water is like a homogeneous solution — 
homogeneous in the sense that the water phase under the equilibrium condi- 
tion has the same concentration of dissolved cations throughout the entire 
mass, and in a given system a definite proportion of the cations are dissociated 
in accordance with the law of mass action. 

The exact mechanism of the enormous increase in cohesive forces in soils 
on drying can be visualized by supposing that the minute interstices between 
the particles are filled not with water but with a suspension of colloidal clay, 
which binds the particles together on drying very much like a solution of gum. 
It has been shown in a previous paper (4) that the relation between moisture 
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content and relative humidity can be accounted for by the supposition that 
as the soil dries, the interstices between the larger particle are first emptied 
and the moisture gradually recedes into the interstices between smaller and 
smaller particles. The enormous increase in cohesion when the last traces of 
water are removed is easily understood. If we accept the hypothesis that 
colloidal clay acts like glue in binding the larger particles, it would follow that 
other colloidal substances' like egg albumen, gum, rice starch, and even skim 
milk would enhance soil cohesion. The action of substances like sugar and 
molasses that leave an amorphous residue can also be visualized on a similar 
basis. In table 7 are recorded the cohesion values of a soil to which increasing 
amounts of colloidal substances have been added. The cohesion is more than 
doubled in the presence of 5 per cent egg albumen and more than trebled in 
the presence of a like percentage of rice starch and of 1 per cent gum. The 
effect of skim milk is not so pronounced. 

TABLE 7 


Efect of colloidal substances on the cohesion of soil 


KICE STASCH 

SKIM MILK 

EGG ALBUMEN 

GUM ARABIC 

Amount 

Cohesion 

Amount per 
100 gm, soil 

i 

Cohesion 

Amount 

Cohesion 

Amount 

Cohesion 

per cent 

kgm. 

cc. 

kgm. 

per cent 

kgm. 

per cent 

kgm. 

0 

21.1 

0 

21.1 

0 

21.1 

0.0 

21.1 

1 

37.0 

10 

24.5 

1 

29,3 

0.25 

48.1 

2 

51.5 

20 

23.8 

2 

40.0 

0.5 

55,3 

3 

65.6 

30 

23.2 

3 

43.6 

0.75 

1 57.7 

4 

72.4 

40 

25.4 

4 

51.0 

1.00 

69.5 

5 

76.0 

50 

25.9 

5 

50.0 

1.50 

69.5 


hevehsibility of cohesion 

A problem of great practical importance is the reversibility of cohesion. As 
regards the relation between cohesion and hygroscopic moisture, the reversi- 
bility appears obvious. Beyond the slight hysteresis effect, the cohesion 
increases on drying and decreases on wetting. The point is of considerable 
importance in water-stabilized earth roads. The effect of remaking the semi- 
spherical pellets after breaking them was studied with single-base soils, in 
both the dispersed and the undispersed state. The results given in table 1 
show that there is virtually no difference in cohesion between the original pellet 
and the pellet that is powdered and remade into the same shape for test. The 
difference between the cohesion values for dispersed and undispersed soil has 
already been referred to, and it is noteworthy that the dispersed soils maintain 
these higher values on remaking. It must be emphasized that the nature of 
the replaceable base is important only indirectly, insofar as it is responsible 
for determining the state of dispersion of the soil colloids. 
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Another aspect of the reversibility of soil cohesion which refers to stabilized 
soils and which is even more important from the practical point of view is the 
question of how far it is possible to restore the cohesion of a soil with water 
alone after its mechanical breakdown. Obviously substances that are normally 
insoluble in water and are applied in the form of an emulsion cannot be ex- 
pected to fail under this category. Soluble substances like molasses, on the 
other hand, could possibly be brought to the same state of subdivision and 
intimate mixture with the soil, and original cohesion restored after a mechanical 
breakdown. The possibility is not remote, however, that molasses might 
become oxidized and disappear partly or wholly in course of time. The irrevers- 
ibility of soil colloids other than those containing exchangeable sodium would 
also be an important factor. 

Pellets of a soil stabilized with molasses were broken and remade several 
times, cohesion being recorded each time. It will be seen from table 8 that 
the high values of cohesion with molasses are maintained when the pellet is 
broken and remade. The possibility that repeated alternate wetting and 

TABLE 8 


Cohesion of soil staUlked with molasses, as afected by breaking and remaking, wetting and drying 


OKIGINAL WITHOUT MOLASSES 

WITH MOLASSES 

Breaking and remaking 

Wetting and drying 

kgm. 

kgm. 

kgm. 

21.2 

50.0 

50,0 


58.2 

53.0 


47.0 

50.5 


53.6 

55.7 


48.2 

51.5 


drying might lead to a deterioration of the cohesive bond imparted by molasses 
was also studied. Soil stabilized with molasses was subjected to alternate 
drying and wetting by storing over 10-90 per cent humidities, cohesion being 
measured after a definite number of cycles. The results given in table 8 indi- 
cate that alternate drying and wetting does not alter the cohesive forces. 

SUMMARY 

Cohesion for the same percentage of clay rapidly falls as the particle size 
increases up to a limit beyond which the effect of size of particles becomes 
negligible. 

In single-base soils, the order of cohesion for the dry soil follows the gen- 
erally accepted order of dissociation for these ions. 
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^lexiuis 3^, be’ ^tgmonb 

1873-1939 

It is with great regret that Soil Science records the death, on September 30, 
1939, of one of its consulting editors, Dr. Alexius A. J. de ^Sigmond, professor 
of agricultural chemistry and technology and of soil science in the Royal 
Hungarian Palatine- Joseph University of Technical and Economic Sciences of 
Budapest, and formerly director of the Royal Hungarian Institute of Chem- 
istry and Central Experimental Station at Budapest. 

Prof, de ^Sigmond was born in 1873 at Kolozsvar, Hungary, the son of 
an industrialist and member of an old aristocratic Transylvanian family. He 
studied chemistry at the Technological Institut in Vienna, graduating with the 
degree of chemical engineer in 1895. During his years at the university, he 
became interested in agricultural science. He carried out his first investiga- 
tion in his father’s brewery and alcohol distillery, on “The action of diastase 
upon raw starch.” His doctor’s dissertation dealt with “The reaction velocity 
of maltose hydrolysis.” He received his doctor’s degree in 1898 from the 
University of Kolozsvar. In 1899, he left his father’s plant and became 
assistant chemist at the Agricultural Experiment Station at Magyarovar, 
where his interest in soil problems was stimulated by his chief, Alexander 
Cserhati. 

His work at Magyarovar resulted in a series of papers published in the 
Hungarian, German, French, and English languages in various scientific 
journals. These papers dealt with a number of problems, chief among which 
was the determination of assimilable nutrients in the soil. 

In 1905, he became privat docent in agricultural chemistry at the University 
of Budapest, and professor at the Technological Institut, where he was en- 
trusted with the organization of the Institut of Agricultural Chemistry. This 
was soon followed by a scientific trip abroad, where he visited various agri- 
cultural institutes, including those in the United States. Here he had an 
opportunity to familiarize himself with the work of the famous American soil 
chemist, Prof. E. W. Hilgard, at the University of California, which had a 
great influence upon his subsequent work. 

In addition to his teaching activities, Prof, de ’Sigmond carried out extensive 
investigations in the field of agricultural industry and soil science. He devoted 
particular attention to the question of alkali soils. His method of determina- 
tion of assimilable phosphorie acid in the soil, his efforts to improve alkali 
soils in Hungary, and his attempts to apply to agricultural practice results ob- 
tained in theoretical investigations aroused much interest and found extensive 
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application. In addition to numerous popular contributions published in the 
Hungarian language, he wrote two large works, “The Principles of Soil Science” 
and “The Hungarian Alkali Soils and Methods of Their Reclamation,” both of 
which were translated into English and published, the first in London and the 
second at the University of California. 

In 1910, he was elected president of the Soil Science Conference held at 
Stockholm. ■ He organized the International Commission for Soil Chemists, 
which met first in 1914 in Munich, and again in 1922' in Prague. Wlien the 
International Soil Science Society took form in Rome, in 1924, his commission 
was bodily incorporated as Commission II, of which he was made president. 
In 1935, at the Soil Science Congress at Oxford, he was made honorary presi- 
dent of the commission and honorary member of the society. 

For his scientific activities he was variously honored in his own country. 
He was made a member of the Hungarian Academy of Sciences and of the St. 
Stephen Academy, chairman of the Hungarian Agricultural Experiment Sta- 
tion, and president of the Hungarian Commission for Soil Improvement. He 
received various honors also from his government. 

His untiring efforts were directed toward the study of the soil, its chemical 
composition and classification, and especially the reclamation of semiarid soils. 

Prof, de ”Sigmond was an artist by nature and a brilliant pianist. Those 
soil scientists who participated in the American Excursion following the 
First Congress held in Washington, in 1927, will remember his delightful im- 
provisations. He had great personal charm and was a brilliant conversa- 
tionalist. His death is a great loss to soil science. 


S. A. Waksman 


HYDROLYSIS OF UREA IN SOILS BY THERMOLABILE CATALYSIS^ 

JOHN P. CONRAD2 
University of California 
Received for publication November 20, 1939 

That several kinds of bacteria can transform urea to ammonium carbonate 
in soils has been amply demonstrated. No other concept has seemed neces- 
sary to explain most existing data. In consequence, it has generally been 
assumed that these microorganisms are the chief agents in soils directly re- 
sponsible for this change. Conrad and Adams (2), however, obtained data 
which suggest that the reaction may, in part, be catalytic rather than com- 
pletely biological. In their experiments, untreated and heavily toiuened soil 
showed by subsequent plant cultures no significant difference in the definite 
ability of the soil to remove the nitrogen from a percolating solution of urea. 
Preheating of the soil largely destroyed this ability. Reporting confirmatory 
laboratory studies, this paper presents further evidence that the hydrolysis 
of urea in the soil examined, Yolo fine sandy loam, was mostly catalytic rather 
than directly microbial. 

LABORATORY STUDIES OF PERCOLATION 

With the growth studies previously described (2), the mechanism of the 
transformations and the various factors infliuencing them were not always 
clear. In view of the general nitrogen deficiency of the soil, the enhanced 
growth indicated solely the location and relative amounts of the added nitro- 
gen but nothing of its form or of the transformations that had taken place 
during percolation. A laboratory study of the changes in solutions of urea 
resulting from various rates of percolation, concentrations of urea, and soil 
treatments should throw some light on the mechanisms involved. The data 
reported in table 1 were obtained from percolations made in duplicate and 
at laboratory temperatures somewhat lower than average. One kilogram 
of dry soil was placed in each of four glass percolators. For the treatment 
under toluene, the dry soil was added to each percolator in three successive 
portions, about 10 cc. of toluene being added after each portion. Then, 20 
cc. of toluene was mixed with a liter of the urea solution to be percolated 
through the soil. The drainage from the percolator dripped into a flask, 
the mouth of which fitted closely to the bottom of the percolator. Initially, 

^ ContributioE from the Division of Agronomy, University of California, Davis. 

® Many of the analyses reported herein were kindly carried out by R. E. Malde and J. M, 
Weiler, technicians in the Division of Agronomy. 
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330 cc, of urea solution was added to wet the soiL Then, 8 hours later and 
approximately every 12 hours thereafter, 100 cc. of the solution was added to 
the top of the percolator. Each percolate was transferred from the receiving 
flask just before each new increment of solution was added to the top of the 
percolator. In the toluene tests an odor of this antiseptic was always evident 
in the receiving flask as well as at the top of the percolator where a few milli- 
liters of the toluene collected toward the end as an oily-appearing film. The 
residual urea was determined by MarshalFs urease method, essentially as 
described by Hawk and Bergeim (7, p. 712). The data reported in tablet 
show very little difference in the concentration of urea between the respective 
percolates from the two treatments. 

In adding the increments of urea solution to the percolators, the volume 
of toluene was not considered. Undoubtedly, if equal volumes of solution 
had been collected in the first percolates and in the subsequent ones, the small 

TABLE 1 


Co7icentraiio7i of urea in successive 100-cc. percolates from 7iormal soil and from soil under 

toluene — Yolo fine sandy loam 
Results in milligram atoms of N per liter 


SOIL TEEATMENT 

! CONCENTRATION OF UREA IN 

Original 

solution 

Successive percolates 

1 

2 

3 

4 

5 

6 

7 

None ........... 

Under toluene 

39.0 

39.0 

5.6* 

7.6t 

21.4 

24.8 

32.0 
' 34.0 

32.6 

33.4 

32.6 

33.6 

33.2 

33.4 

34.0 

33.8 


^ Only 25 cc. collected, 
t Only 45 cc. collected. 


differences between the successive percolates of the two treatments would 
have been even smaller. 

The great reduction in concentration in the first and second percolates is 
clearly assignable to adsorption of urea by the soil solids. This phenomenon 
will be given further consideration. 

The results in table 1 challenge the prevailing popular conception that the 
decomposition of urea in soils is mainly accomplished by soil microorganisms. 
Catalytic hydrolysis of urea in soils by some mechanism not involving living 
organisms directly is indicated by these data, which showed nearly equal 
reduction in the concentration of the percolating urea solutions regardless 
of the presence or absence of the antiseptic, toluene. After the rather small 
adsorptive capacity of the soil was taken care of and dynamic equilibrium 
"was established between the soil and the percolating solution, moving a solution 
of urea at a constant rate under a constant environment through a soil with 
an effective catalyst of constant though low activity should result in a constant 
rate of withdrawal of nitrogen from solution, at least until secondary effects 
set in. 
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Subsequent trials by this or similar procedures were generally made as 
single determinations with 400 gm. of dry soil in 4-inch clay pots previously 
covered with asphaltum paint. A square of waxed paper was placed over the 
drainage hole, and the dry soil was added. The pot was then nested into the 
drainage can or into a glass beaker or other receptacle of appropriate size. 
The soil was wet initially with 130 cc. of the urea solution, after which 75-cc, 
increments were added periodically. The few milliliters that drained out 
from the 130 cc. initially applied are referred to as “drippings” or as “drip.’’ 
In addition to the untreated, soil treated as follows was studied : (a) moistened 
soil, preheated for 48 hours to about 85®C., and subsequently dried as described 
previously (2); (b) soil preheated to about 105®C. The moistened soil was 
placed in an oven at 120®C., allowed to dry, and remoistened and dried several 
times. Undoubtedly, the soil itself, while moist, did not attain a temperature 
above 105°. 

The actual concentrations of urea in the percolates are in themselves of 
interest from many points of view. But from the standpoint of urea-adsorbing 
and urea-splitting powers of the soil, the reductions in urea concentrations 
below those in the original solutions are of much more interest. In conse- 
quence, these reductions for successive percolates have been calculated and 
are shown graphically in figure 1. 

The data plotted on the left indicate that with soil preheated to 85°, con- 
siderable urea was removed from solution in the drippings and in the first 
percolate. From the second to the fourth percolates the concentrations of 
the urea solutions were but very little different from the original concentra- 
tions, regardless of what the actual concentrations were. The type of be- 
havior there exemplified would be expected if the urea were adsorbed on the 
soil colloids. 

In investigations with the normal soil, the concentration of urea first coming 
through was much reduced below the original concentration, and as successive 
percolates were collected the concentration rose and then levelled off at a 
concentration somewhat below the original Where the solution was per- 
colated through rapidly, the amount of urea removed from solution was smaller. 
As the time interval between the additions was lengthened, the amount of 
urea removed from solution increased. These reductions are shown graphi- 
cally on the right in figure 1. The same types of curves would be obtained 
if the data of table 1 were similarly plotted. The amount of urea removed 
from solution after the concentration had become very steady was almost 
the same regardless of its original concentration. Thus, for 12-hour intervals 
between successive increments, almost the same amount of urea was removed 
from a concentration of 104.8 m. at. ^ N per liter as from one of 26.1. As the 
time interval was increased to 48 hours, the amount of urea removed was 
considerably increased. Varying the concentration of the urea solution has, 
thus, had very little effect upon the rate of hydrolysis. This phenomenon 

3 As used in this paper, m. at. indicates milligram atoms. 
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is typical of the action of certain enzymes (3, p. 154) including urease (14). 
Again with hydrolysis at least roughly proportional to the time of the contact 
of the solution and the soil, a catalytic rather than a microbial process was 
indicated. 

Data similar to those for Yolo find sandy loam have been obtained with 
several other soils. But as studies on these soils have been extended to include 
additional factors outside the scope of this paper, publication of these data 
will be deferred. , 
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Fig. 1. Reduction in the Concentration of Urea Solutions Percolated Through 
400 GM. OP Preheated and Normal Yolo Fine Sandy Loam 
The numbers at the left of each curve indicate the concentration in milligram atoms of 
nitrogen per liter; those at the right, the interval between successive 75-cc. additions to the soil. 


In order more closely to correlate these laboratory studies and the green- 
house ones reported previously (2), additional percolation tests were made. 
These are reported in table 2. In addition, soil preheated to 105°C. was 
treated by mLxing 0.02 gm. of Jack-bean urease with 300 gm. of soil and adding 
this to a pot which contained 100 gm. of the preheated soil. It will be observed 
that the urease caused almost complete removal of the urea from the per- 
colating solution. 

The replicated growth-percolation studies reported in table 3 and the analy- 
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ses in, table 4 of a. previous paper (2) became clearer in the light of these iabora*""" ' 
tory data. The low concentrations of urea in the percolates reflect largely 
the w.ithdrawals by adsorption. The still lower concentrations by slow percola- 
tion are, for the untreated and toluened soils, attributable to catalysis and 
less volume of solution (cf. percolate 1, table 1 and drip, fig. 1) and, for the 
preheated soil, to less volume and possibly to some small amount of ther- 
mostable catalysis, further indications of which will appear below. The 
data of tables 1 and 2, and of figure 1 of this paper indicate that adsorption 
was an important factor in reducing the concentration of the solution reaching 
the bottom pots in the former study. As was to be expected, the rate of 
percolation had but little effect upon the nitrogen retained in the pots con- 
taining the preheated soil. With untreated and toluened soils, however, the 

TABLE 2 

E_ffecl of different factors upon the change in concentration of a urea solution passing through 
400 gm. of Yolo fine sandy loam in a 4-inch pot as determined in successive 75-cc, percolates 
Results in milligram atoms of N per liter 




CONCENTEATION OF UEEA IN 


SOIL TEEATMENT 

Original 


Successive percolates* 



solution 

1 i 

2 1 

3 

4 

None 

0.0 

0.2 

0.2 

0.0 

0.0 

None 

20.0 

8.6 

10.6 

11.2 

11.2 

Preheated to about 85°C 

20.0 

12.8 1 

18.6 

19.4 

19.0 

Preheated to about 105°C 

Preheated to about 105®C. and mixed 

20.0 

lost 

18.8 

19.2 

18.4 

with 0.02 gm. urease 

20.0 

2.4 

0.4 

1.2 

1.0 


* The time interval between collections of successive percolates of the urea solutions was 
12 hours. 

slower rate of percolation by allowing more time for catalysis had much effect 
in retaining the nitrogen of urea. 

ADSORPTION OF UREA 

The question arises whether the preheating has in any way changed the 
adsorption capacity of the soil. The more rapid the movement of the urea 
solution through normal soil, the more nearly catalytic hydrolysis was reduced 
to a minimum as measured by reduction in concentration of the solution. In 
the addition of urea at f-hour intervals, most of the nitrogen removed would 
be due to the adsorption of urea. The shape of the curves in figure 1 are in 
full agreement with this conception. The curves for 26.1 m. at. N per liter 
percolated at |-hour intervals through normal soil and at 12-hour intervals 
through preheated soil are almost identical. If from this comparison the 
inference is drawn that very little or no change in the adsorptive capacity of 
the soil for urea has been brought about by preheating as done in this study, 
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soil SO treated, then, seems to be very suitable material for the study of; ad- 
sorption itself, with minimum danger of any vitiating catalysis being encoun- 
tered. In the equilibrium method (6) used, 100 gm. of the preheated soil 
(containing 0.85 per cent hygroscopic moisture) and 150 cc. of the urea solution 
were intimately mked, shaken periodically for IS hours, and then filtered. 
From the analysis of the urea in the filtrate, computations were made of the 
amount adsorbed by the soil. These data are plotted logarithmically in 
figure 2. A straight line comes close to the experimental points. This would 
indicate that a true adsorption was the factor largely responsible for the re- 
moval of urea from solution by preheated soil. 



Co/?c/7^ l/rea ai efm7/Br/m , m. al /l////7er 
Fig. 2. Adsoeption op XJeea by Yolo Fine Sandy Loam 

In another method used to study adsorption, a 200-gm. portion of preheated 
soil was placed in a glass percolator and percolated with 300 cc. of the urea 
solution. The percolate was collected as one sample and analyzed for urea. 
In this way the amount of urea remaining in the soil was computed. From 
the difference in the amount of solution, on the basis of the original concentra- 
tion of the urea, the amount of urea remaining in solution in the soil was next 
computed. The urea computed, then, to be adsorbed on the soil was taken 
as the difference. Two different concentrations were used as reported in 
table 3. Values calculated from figure 2 for the urea adsorbed by 198.3 gm. 
soil at the equilibrium concentrations involved in table 3, 2.62 m. at. N for 
test I and 6.6 for test II, are of the same magnitude as those in table 3. 
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After the urea solution had been completely percolated tlirougli the soiiy 
the latter was successively leached with 150-cc. portions of distilled water. 
The leachates w^ere collected in order, analyzed, and the absolute amount of 
urea removed was calculated. The first leachate in each case removed more 
urea than was calculated to be present in the soil in solution. The second and, 
in one ease, the third leachate removed additional urea. The total amount 
of urea removed from the soil was sufficiently greater than the actual amount 
dissolved in the soil solution to account for more than half of the adsorbed 
urea. This reversibility of adsorption of urea by the soil is one criterion of 
true adsorption. 

TABLE 3 


Reversibility of urea adsorption by preheated Yolo fine sandy loam 
Urea adsorbed from solution by preheated soil was in part removed by subsequent leaching 


UREA 

TEST I 

TEST II 


cc. 

m.al.N 

CC. 

m.ai.N 

Original solution 

300 

43.78 

300 

143.8 

Collected as percolate 

222.5 

30.17 

221.5 

99.5 

Original remaining in soil 

77.5 


78.5 


Hygroscopic moisture 0.85 per cent 

1.7 


1.7 



i9.2 

13.61 ; 

80.2 

44.3 

Remaining in soil solution 


11.56 


38.4 

Adsorbed by 198.3 gm, soil 


2.05 


5.9 

Recovered in: 





First leachate . 

150.5 

12.31 

149.5 

40.75 

Second leachate 

58.3* 

0.43 

i 149.0 

2.53 

Third leachate 



143.0 

0.13 

Total. 


12.74 


43.41 

Adsorbed urea removed by leaching 


1.18 


5.01 


* Stopped filtering. 


CATALYSIS 

The evidence in the laboratory percolation studies suggested that the cata- 
lytic hydrolysis of urea had been the primary cause of the reduction in con- 
centration of a urea solution passing through the soil. Certain evidence with 
regard to the efiects of preheating, of varying the concentrations of urea, 
and of varying the rate of percolation points to catalysis as being involved. 

The criterion of catalysis has been the steady reduction in concentration of 
a urea solution percolating through the soil. Another criterion of catalysis, 
the appearance of ammonia (or ammonium ion), was examined in incubation 
studies. For each test 75 gm, of soil was put in a covered glass jar, and 20 cc. 
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of urea containing 2 m. at. N was then added. Some of the soil was normal 
and some preheated. In one trial the preheated soil was inoculated with 
0.5 gm. of normal soil for each 400 gm. of preheated soil. These were in- 
cubated for various lengths of time at 30°C. The results are reported in 
table 4. In some of these tests toluene was added, and in others it was omitted. 
For experiments 1 and 3 a lot of the same soil recently cropped to oats in the 
greenhouse to reduce nitrates to a low level was used. Soil like that used in 
the other studies reported herein was used in experiment 2. 

TABLE 4 


EJJed of mrioiis sml ireamients upon ammonia formed from urea during incubation 


SOIL TREATMENT 

milligram: atoms or nitrogen 

PER KILOGRAM SOIL AS AMMONIA 
FORMED DURING INCUBATION 

AGENTS LARGELY 
RESPONSIBLE 

Pretreatoient 

Antiseptic 

3 days 

7 days 


Experiment 

Preheated | 

Toluene 

None 

0.27 

0.9 

0.40 

3.2 

Neither 

Microorganisms 

None (normal) | 

Toluene 

None 

10.6 

9.6 

8.0 

10.8 

Catalyst 

Both 

Experiment 2 

Preheated . | 

Toluene 

None 

0.67 

1.73 

0.80 

3.3 

Neither 

Microorganisms 

None (normal) | 

Toluene 

None 

7.2t 

9.5t 

14. 5t 

15. 5t 

Catalyst 

Both 

Experiments 

Preheated and inocu- r 
lated§ < 

Toluene 

None 

0.27 

2.1 

0.67 

2.8 

Neither 

Microorganisms 


* Controls with distilled water showed only negligible amounts of ammonia formed. 
Urea was added at the rate of 26.7 m.at.N per kilogram of soil, 
t Nitrates— a trace by diphenyiamine test. 
t Nitrates— strong. 

§ Inoculated with 0.5 gm. normal soil per 400 gm. preheated soil 

Undoubtedly, many factors influence the rate of urea decomposition in 
the soil. No effort has been made in these studies to evaluate them fully, 
hut an effort has been made to get a relative measure of the effects of the two 
agents splitting urea-microorganisms and the thermolabile catalyst. As shown 
in table 4 only small amounts of ammonia were produced in preheated soil 
under toluene with both agents inactivated. In the preheated soil not under 
toluene and therefore with catalyst inactive and microorganisms active, ap- 
preciably greater amounts of urea were hydrolyzed. In normal soil under 
toluene and therefore with microorganisms inactive and the soil catalyst 
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active, much more ammonia was formed. In these experiments as well as 
in those reported in tables 1 and 2, the thermolabile catalytic agent was much 
more active than m.icroorganisms in splitting urea. It might be presumed 
that preheating would kill, among others, the types of organisms which could 
work under toluene, causing the changes reported in table 4. If that were 
the case, reinoculating the preheated soil with small amounts of the normal 
soil would seem to be adequate to restore all strains of microorganisms origi- 
nally present. The amount of ammonia formed with this preheated and 
inoculated soil not under toluene was but little different from that formed 
where this soil was not inoculated at all. 

DISCUSSION 

The discovery of catalytic hydrolysis of urea in our soil naturally raises 
the question whether the disappearance of urea or the appearance of ammonia 
following the addition of urea in any untreated soil may not be due to catalytic 
hydrolysis rather than to bacterial activity. Gibson (4, 5) found that each 
of several soils caused the disappearance of about 1 per cent of its weight of 
urea in 24 hours. He attributed this loss of water-soluble urea to the activity 
of microorganisms directly. In the light of the present study a small part 
might have been removed from solution through adsorption by the soil, but 
the larger part must have been changed (presumably to ammonium carbonate) 
by hydrolysis, and the transformations might have taken place, and un- 
doubtedly did take place, largely catalytically rather than microbially. Again, 
Kleberger (8), in a summary of his work, reported that natural differences in 
the ability of the soils studied to hydrolyze urea were destroyed by heating 
to 300°C. or by boiling in 2 per cent HCl, but were not destroyed by sub- 
jecting the soils to the antiseptic, chloroform. 

Urea can be hydrolyzed by acids and alkalies (11). Preheating may change 
the pH of the soil, but such change cannot be advanced as the cause of the 
change in catalytic activity following this treatment, as the greatest activity 
took place with the untreated soil, which was approximately neutral. 

On the assumption that the toluene applied to the dry soil inactivated or 
greatly inhibited the soil microorganisms decomposing urea (cf. exp. 3, table 
4), the urea transformations in heavily toluened soil may be attributed to 
catalysis. The catalyst, it is true, may be an enzyme arising from previous 
microbial activity. As the toluene was added to the dry soil before, or at 
the same time as, the urea solutions, transformations could not be caused 
by the microorganisms directly. The transformations in the untreated soil 
were but little, if any, greater than those in the same soil heavily toluened. 
Assuming that these effects were additive, at least initially, the writer believes 
that catalysis (probably by an enzyme) was chiefly responsible for the urea 
transformations in the untreated soil. 

The catalyst responsible seems to evince the properties of an enzyme (per- 
haps adsorbed on the soil colloids) better than any other known catalyst for 
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urea:, catalysis went on in spite of toluenej 'was for practical purposes com- 
pletely inactivated by preheating the moistened soil to 8S°C.j was independent 
of the concentration of urea, and was substantially proportional to the time 
of contact of urea solution and the soil. 

Mention should be made of the discovery by Subrahmanyan (12) of deam- 
inase activity in water-logged soils. He was able to elute this activity (13) 
from the soil, at least partially to purify it, and finally to show its activity 
outside the soil in the deaminization of glycine to ammonia and glycolic acid. 
Investigations are in progress designed to find out more about the catalyst 
evidenced in this present study. 

In the study of the partial sterilization of soil by antiseptics, data (10) 
were accumulated which showed ammonification by catalysis. This has been 
held as evidence of enzyme activity (9, p. 366). These fragmentary bits of 
evidence, together with the data of the present study, may very well raise 
the question whether many of the other transformations in soils which have 
been attributed to microorganisms and which can, it is true, be carried on 
by them, may not in fact actually result from catalytic activity directly. More 
systematic studies, perhaps similar to the present one, will be necessary before 
this question can be answered. 

SUMMARY 

Laboratory studies were made of the changes in various urea solutions re- 
sulting from percolation through Yolo fine sandy loam. In studies with pre- 
heated soil, marked reductions in various concentrations of urea solutions 
were noted in the first percolates and less in the second ones. These reduc- 
tions are best explained on the basis of adsorption of the urea by the soil. 
Later percolates were nearly the same in concentration as the respective 
original solutions. 

In comparative studies with untreated soil and with soil under toluene, 
reductions in concentration likewise occurred with the first percolates, but 
the reductions in successively later ones leveled off and became nearly constant. 
These constant reductions with a constant rate of percolation are assignable 
to catalytic activity in the soil. This catalysis was thermolabile because it 
was inactivated by preheating. 

Wide variations in the concentration of urea percolated through untreated 
soil had very little effect on this catalytic activity as measured by reductions 
in the concentration of urea. This phenomenon suggests that the activity 
of an enzyme was involved. The amount of the reduction in concentration 
was substantially proportional to the length of time between the additions 
of successive amounts of the urea solutions. 

Equilibrium trials between various concentrations of urea and soil pre- 
heated (and therefore devoid of the thermolabile catalytic activity) were 
conducted to study adsorption. The amounts adsorbed plotted logarithmi- 
cally against the equilibrium concentrations gave points very close to a straight 
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line, thus indicating true adsorption* In percolation studies urea adsorbed by 
preheated soil was substantially recovered by subsequent leaching with w^ater. 

In ' incubation trials preheated soil under toluene produced but little am- 
monia from urea; preheated soil without toluene produced somew^hat more; 
normal soil under toluene produced much more, almost as much as normal 
soil without toluene. Reinocuiating the preheated soil with about 0.1 per 
cent of normal soil had but little effect on the amount of ammonia formed. 

These experiments indicate that in the soil studied, the hydrolysis of urea 
resulted much more from catalysis than from the direct simultaneous action 
of the soil microorganisms themselves. 

It is possible that the hydrolysis of urea in untreated soils in general may 
be mainly catalytic rather than entirely directly microbial, as experiments 
attributing the activity to microorganisms have not been designed to test 
the possibility of catalysis. The question whether other organic transforma- 
tions in untreated soils may be, in part at least, catalytic rather than entirely 
microbial is raised by the present experiments. 
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The role of microorganisms in the fixation of atmospheric nitrogen and the 
factors which influence this phenomenon have been extensively studied by 
microbiologists for many years and are still the subject of much research. 
Although by far the greatest amount of work has dealt with the nitrogen- 
fixing bacteria, much interest and controversy have centered about the possible 
functions of algae in the fixation process. At the present time, it is generally 
believed that algae take part in the cycle of nitrogen in soil in two distinct ways: 
directly, by fixing gaseous nitrogen; and indirectly, by supplying nitrogen- 
fixing bacteria, particularly Azotohacter^ with available, photosynthetically 
produced carbon compounds as sources of the energy necessary for the fixation 
process. Within recent years, it has been definitely established that certain 
species of blue-green algae can fix atmospheric nitrogen, although their practi- 
cal importance in the nitrogen economy of the soil remains to be determined, 
since very little information is available concerning the distribution and 
abundance of these algae in soils and the conditions under which fixation will 
occur naturally. The second function has been assigned to algae almost from 
the beginning of their study as nitrogen-fixing agents and is regarded as com- 
monly accepted. Even this role of algae, however, is largely hypothetical 
and is unsupported by convincing experimental evidence. 

In the present investigation, an attempt has been made to test the indirect 
role of algae in nitrogen fixation by means of carefully controlled experiments. 
Some data will also be presented concerning the nitrogen-fixing ability of blue- 
green algae and their distribution in various soils. 

RELATION OF AZOTOBACTER TO CHLOROPHYCEAE 

Frank^s contention in 1889 (12), based on impure culture work, that all 
algae possess the ability of fixing atmospheric nitrogen was soon challenged. 
Kossowitsch (16) isolated a grass-green alga, Cystococcus^ in pure culture and 
showed that it could not fix free nitrogen. When soil suspensions were in- 
oculated into mineral salt solutions and incubated in the light, however, algal 
development occurred and nitrogen was fixed; the fixation was most marked in 
those flasks in which blue-green algae, especially Nostoc, developed. Kosso- 

^ Jotirnai Series paper of the New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 
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witsch concluded that algae, though unable to fix nitrogen, may aid indirectly 
in the nitrogen-fixing process by supplying carbohydrates to the nitrogen- 
fixing bacteria; he compared this process to the symbiosis existing between 
nodule bacteria and leguminous plants. Schloesing and Laurent (23) had 
previously hinted at this possible relationship between algae and nitrogen- 
fixing bacteria, but Kossowitsch was the first to advance this idea in a concrete 
form. His work, however, was open to the same criticism which he, himself, 
directed against Frank; that is, he failed to determine the effects of pure cul- 
tures of algae on pure cultures of nitrogen-fixing bacteria. In recent years, 
some species of blue-green algae; namely, Nostoc punctiforme, Anabaena 
variabilis ( 8 ), Nostoc mnscorum ( 2 ), Anabaena gelatinosa, and Anabaena 
•namctdoides (7), have been shown to be capable of fixing nitrogen. The in- 
crease in nitrogen found by Kossowitsch in his cultures may have been due 
to the activity of blue-green algae rather than to their symbiosis with bacteria. 

The idea of a mutually beneficial interrelationship between algae and 
nitrogen-fixing bacteria, or at least one beneficial to the bacteria, has persisted 
from the time of Kossowitsch down to the present and can be found, expressed 
or implied, in the work of numerous investigators (4, 10, 13, 14, 18). More 
specificially, Reinke ( 21 ) found Azotobactet on balls of Volvox obtained from 
pond water; Bouilhac and Giustiniani (5, 6 ) inoculated sand, freed of organic 
matter, with Cyanophyceae (impure cultures) together with a small amount of 
soil suspension. They were able to grow buckwheat, mustard, corn, or cress 
in the sand under these conditions. Chemical analyses showed that an actual 
incr^se in nitrogen had occurred. As in the work of Kossowitsch, it is im- 
possible to decide whether the algae or the bacteria fixed the nitrogen. Hugo 
Fischer ( 1 1 ) isolated Azotobacter from dark green Oscillatoria colonies. Nakano 
( 20 ) found more nitrogen in flasks containing pure cultures of algae and Azoto- 
bader, after an incubation period of a few months, than in those flasks which 
contained only Azotobacter. He could not explain these results. The action 
of the algae in this case may have been due to the conservation of the nitrogen 
fixed by the Azotobacter, i.e., by utilizing the NH 3 liberated during the autolysis 
of the bacterial cells and converting it into the organic nitrogen of the algal 
cell, thus preventing its loss to the atmosphere. This seems probable because 
algal development did not occur until the Azotobacter ceUs had passed their 
active stage and had begim to autolyze. Emerson ( 9 ) found that the nitrogen- 
fixing ability of Az. vinelandii and Az. chroococcum was stimulated when these 
organisms were grown on agar in the presence of algae (impure cultures). 
Lipman and Teakle (19) obtained nitrogen fixation by growing pure cultures of 
Chlorella and Az. chroococcum together in an inorganic medium to which no 
carbohydrate had been added. The amount of nitrogen fixed in SO cc. of 
culture medium, however, was only about 0.5 mgm. Jones (IS) found aerobic 
and anaerobic nitrogen-fixing bacteria in the mucous sheaths of iVorfoc, 
Rimlaria, and Gloecapsa. On the other hand, Allison and Morris ( 3 ) re- 
ported that there was no increase in nitrogen fixation by Az. mnelandii when ' 
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grown in the presence of pure cultures oi Chlorella^ CMamydomonaSy Scemdes- 
musy and Flmrococcus but presented no data to prove this statement. 

Although the concept of a beneficial symbiosis between algae and nitrogen- 
fixing bacteria,, particularly Azoiobactefy is generally accepted, the review of the 
literature appears to indicate that the experimental results on which this con- 
ception is based are open to one or more of the following criticisms: 

The investigations were made with impure cultures, and therefore the experimental condi- 
tions were inadequately controlled. 

In most of the impure cultu,re work, nitrogen .fixation was found only in those cases where 
there was an abundant gro-wth of blue-green algae; these may have been directly responsible' 
for nitrogen fixation rather than indirectly, by supplying carbohydrates to the nitrogen- 
fixi.n.g bacteria. 

In the one instance where pure cultures were used, the amounts of .nitrogen reported to 
have been fixed were small enough to be within the experimental error of the nitrogen deter- 
mination. 

It was with these facts in mind that the following experiments were per- 
formed in an attempt to determine by pure culture .methods whether algae 
could supply Azotohacter with availab.le energy and carbon compounds. 

Various pure cultures of CMorophyceae were grown together with Azotohacter 
in a mineral salt medium which continued fixed nitrogen, but to which no or- 
ganic compound had been added. This medium is suitable for the growth of 
the algae. The Azotobactefy on the other hand, could not multiply in this 
medium unless supplied with available carbon compounds by the algae. One 
could, therefore, determine whether the algae were supplying the Azotohacter 
with a carbon and energy source by determining whether or not the Azotohacter 
cells multiplied under the above conditions. This test is highly sensitive 
and would indicate the presence of very small amounts of available carbon 
compounds. In other experiments, algal cultures were incubated for two or 
more months and filtered to remove the algal cells; the filtrates were inoculated 
with Azotohacter to determine whether these organisms could multiply in them. 
Finally, studies were made of the ability of Azotohacter to multiply in suspen- 
sions of dead algae. 

The following algal cultures^ were used: 


12. CMorococcum 

19. Proiococcus4ike form 

20. CMorococcum 
22. CMoreUa'i 


1. Stichococcm 

2. CMorococcum 

3. CMorococcum 
5. CMorococcum 

11. CMorococcum 

For convenience, these cultures will be referred to by number. Two species 
of Azotohacter y^ Az, vinelandii and As. ckroococcumy weie used. To insure the 

" Obtained .from Dr. C.'E. Skinner, department of bacteriology,' University .of' Minnesota,' 
Minneapolis, Minnesota. 

^ Obtained from the culture collection of the department of soil chemistry and bacteri- 
ology, 'New 'Jersey Agricultural Experiment^ Station, New Brunswick, N. J. . 
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purity of the cultures, the organisms were reisolated by repeated plating and 
culturing from well-isolated colonies. 

The mineral salt medium used throughout this work had the following com- 
position.: 


K2HPO4 0.5 gm. 

NaNOs 0.5 gm. 

MgSOi-THaO . 0.2 gm. 

CaCh. 0.05 gm. 

FeClg *61120 trace 

Distiiled H2O 1000 cc. 

The numbers of algal cells were determined by direct microscopic counts 
using a Levy counting chamber. The Azotohacter cells were counted by plating 
on Lipman’s medium (24, p. 112-113). Organic carbon was determined by 
the Scholienberger method in which the organic matter was oxidized by hot 
chromic acid and the excess acid titrated with Fe(NH 4 ) 2 (S 04 ) 2 . 

Artificial illumination was provided by a bank of five 100-watt electric 
bulbs approximately 2.5 feet above the cultures. No attempt was made to 
control quantitatively the amount of light used. As a rule, the cultures were 
illuminated for 8 or 9 hours in each 24-hour period. 

Since similar results were obtained with both species of Azotohacter, only the 
data concerned with Az. chroococcum will be presented. The stock culture 
solution, in 100-cc. quantities, was placed in 250-cc. Erlenmeyer flasks which 
had been carefully cleaned with hot chromic acid, and the medium was auto- 
claved. Seven-day agar slant cultures of algal strains 1, 3, 5, 11, 12, 19, 20, 
and 22 were washed off with sterile distilled water, and 1 cc. of the resulting 
suspension was placed in a flask containing the sterile medium. All these 
flasks, as well as controls, were inoculated simultaneously with 0.2 cc. of 
a suspension of Az. chroococcum. The cultures were incubated at room tem- 
perature under light, and analyses of algal and bacterial numbers were made 
at stated intervals. The results are recorded in table L 
All the algal strains multiplied extensively. This was to be expected, since 
all their nutritional requirements were provided. Although the rate of multi- 
plication of the different strains varied considerably, there were a million or 
more cells per cubic centimeter of culture at the end of 42 days of incubation. 
Microscopic examinations showed that the algal cells were normal in appear- 
ance, with the exception of those of strain 12, which contained a considerable 
number of exceptionally large cells that were somewhat chlorotic. Toward 
the end of the incubation period, cultures 11, 19 and 20 were difficult to count 
because the cells had a pronounced tendency to clump. 

Small increases in numbers qI Azotohacter occurred in all the algal cultures. 
These increases amounted mostly to 200-300 thousand bacteria or less per 
cubic centimeter; they could hardly be considered as significant, since a similar 
increase took place in the control flask which did not contain any algae. The 
only exception was in the case of those Azotohacter cells which were in contact 
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with strain 5, when a somewhat higher count .(752,000 bacteria per cubic 
centimeter) was obtained after 28 days of incubation. It is important to 
m,ention the fact that at no time was there any macroscopically visible sign of 
bacterial growth in any of the cultures. The liquid medium above the sedi- 
mented algal ceils remained unclouded throughout the 42 days of incubation. 
Microscopic examinations made at the time of counting the algae revealed few 

TABLE 1 


Development of As. chroococcum in growing algal cultures 
Thousands of cells in 1 cc. of culture 


1 

ALGAL 

SIXAIN 


DAYS OF INCUBATION 

GLUCOSE ADD:ED 
AT END 0? 42 
DAYS, 0.5 
gm./flask 

1 6 

13 

20 

28 

42 

1 

Azotohacter 

OO 

237 

277 

344 

4 

3,800 


Algae 


850 

1,520 

2,300 

3,000 


3 

Azotohacter 

132 

283 

294 

288 

304 ^ 

4,000 


Algae 


290 

640 

600 

1,950 


5 

Azotohacter 

137 

360 

246 

752 




Algae 


380 

1,010 

1,420 

1,330 


11 

Azotohacter 

200 

381 

184 

241 

204 

3,200 


Algae 


160 

320 

1,050 



12 

Azotohacter 

183 

274 

265 

250 

176 

2,300 


Algae 


200 

380 

2,150 

3,840 


19 

Azotohacter 

31 

51 

40 

42 

20 

11,000 


Algae 


1,190 

2,190 

3,300 

* 


20 

Azotohacter 

36 

66 

98 

! 85 

82 

3,700 


Algae 


910 

1,300 

1 ■ ' 

2,940 

* 


22 

Azotohacter 

36 

104 

418 

360 

480 

10,000 


1 Algae 


1,320 

2,380 

4,400 

7,000 


Control 

Azotohacter 

133 

373 

276 

324 

280 

7,200 


Cells too badly clumped to count. 


Azotobacler cells in the counting chamber, and a rough estimation of these 
indicated that the plate counts were good indexes of the actual number of 
Azotohacter in the cultures. 

Since the algae had little or no effect on the development of Azotohacter in 
the mixed cultures, it seemed advisable to determine whether the experimental 
conditions were suitable for bacterial growth, if a readily available source of 
energy were supplied. The addition of 0.5 gm. of sterile glucose to each cul- 
ture after 42 days of incubation produced a rapid and marked change in the 


270 


JACOB L. STOKES 


appearance of the cultures. In a short time, the liquid above the sedimented 
algae became turbid, and counts made 3 days after the addition of the glucose 
showed 2 to 11 millions of Azotohacter in each cubic centimeter of the cultures. 
If the incubation period had been longer, a much greater number of Azotohacter 
ceils would have been found. 

It must be concluded from these results that the algal strains used, under 
conditions favorable for their growth, supplied Az» chroococcuM with little or 
no available organic compounds- The lack of an adequate supply of available 
energy was the factor limiting the growth of Azotohacter^ since the addition of 
a small amount of glucose immediately brought about their rapid and extensive 
multiplication. 

In order to obtain some idea as to the amounts of organic matter excreted by 
algae into the medium and whether this organic matter can be utilized by 
Azotohacter in the complete absence of algal cells, the following experiment was 
carried out. 

Liter flasks containing 500 cc. of the stock medium were inoculated with 
algae 1, 2, 3, 5, 11, 12, 19, 20, and 22. Uninoculated flasks were kept as con- 
trols. After 51 days' incubation, the cultures were made up to the original 
volume with distilled water, A few cubic centimeters of each culture were 
withdrawn for algal counts; 100-cc. portions w^ere used for organic carbon and 
Kjeldahl nitrogen determinations. The remainder of each culture was filtered 
through Whatman paper ^ 2 to remove most of the algae. The algae of strains 
3, 5, 11, 12, and 22 were subsequently carefully removed from the filter paper, 
suspended in distilled water, autoclaved, and saved for use in a later experi- 
ment. After filtration through paper, the cultures were passed through 
sterile Seitz pads to remove the remaining algae and to obtain sterile filtrates 
with as little chemical or physical change as possible. Portions of these fil- 
trates were placed, asepticaUy, in sterile 125-cc. flasks. These flasks were 
inoculated with Az, chroococcum (927 cells per flask), incubated in the dark, 
and plated out at intervals in order to determine the changes in bacterial 
numbers. The remaining portions of the filtrates were used for oganic carbon 
and pH determinations. The controls were treated in a manner identical with 
that used for the algal cultures. The results of this experiment are recorded 
in table 2. 

The algal strains made extensive growth. The amounts of organic carbon 
in the algal filtrates were very small, being in all cases less than 1 mgm. per 100 
cc. of filtrate. With the exception of strains 1 and 19, the organic carbon in 
the filtrates was less than 10 per cent of the total carbon synthesized by the 
algal cells. Apparently the algae do not liberate very much organic matter 
into the medium. Similar results were obtained by Roberg (22) and by Krogh, 
Lange, and Smith (17). The latter, working with fresh-water algae, found that 
the organic material synthesized by the algae was almost quantitatively stored 
in their cells while a fraction amounting at most to 10 per cent was dissolved 
in the surrounding medium. 

The Azotohacter inoculated into the sterile algal filtrates multiplied somewhat 
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in most of the filtrates.. The highest count obtained was 670,000 bacteria per 
cubic centimeter from the filtrate of strain 11. 

Multiplication did not occur in the filtrates of strains 5 and 20. It appears 
that Azotohader able to, utilize, in most cases, a small portion of the organic 
matter present in the filtrates. 

TABLE 2 


Development of Az. chroococcum in filtrates of algal cultures 




ORGANIC 

CARBON 

IN 100 cc. 
or CUL- 

ORGANIC 

PER CENT 
OF 

CARBON 

IN 

NITRO- 
GEN IN 

100 cc. 

OF 


A2. CHROOCOCCUM* 

ALGAL 

STRAIN 

ALGAE'* 

CARBON IN 
100 cc. OF 
EILTRATEt 

pH OF 
FILTRATE 

Days of incubation 



TUBE 

FILTRATE 

CULTURE 


2 

6 

15 

1 

5,130 

mgm. 

3.84 

msm. 

0.75 

19.5 

mgm. 

7.73 

.2 

265 

12.6 

2 

1,620 

7 .56 

0.69 

9.1 


7.75 

<.l 

30 

320 

3 

1,590 

8.64 

0.57 

6.6 


7.85 

9.3 

360 

Contam- 

5 

1,750 

9.66 

0.57 

5.9 


7.97 

<.l 

<.l 

mated 

0 

11 

4,340 

10.32 

0.62 

6.0 

0.91 

8.05 

574 

670 


12 

3,900 

10.02 

0.72 

7.2 

0.82 

7.98 

116 

116 


19 

2,180 

6.36 

0.86 

13.5 

0.82 


367 

no 

300 

20 

l,410t 

8.32 

0.61 

7.3 

0.51 


<.l 

<.l 

.002 

22 

4,360 

7.66 

0.62 

8.1 

0.72 

7.90 

103 

343 

67 

Control 



0.36 


0.15 

7.45 

<.l 

<.l 

.001 


* Thousands per cubic centimeter, 
t Blank subtracted. 

t Only approximate count because of clumping. 


TABLE 3 


Development of Az. chroococcum in suspensions of dead algae 
Thousands per cubic centimeter 


INCUBATION 

ALGAL STRAINS 

PERIOD 

3 

5 

11 

12 

22 

Control 

days 



j 

■ 




2 

367 

293 

46 

89 

603 

<.l 

6 

320 

600 

100 

188 

1,360 

<.l 

15 

469 

25 

Contaminated 

2,010 

71 

.001 


An attempt was finally made to determine whether Az. chroococcum could 
utilize dead algal ceils as a source of energy. The autoclaved algal suspensions 
of strains 3, 5, 11, 12, and 22, obtained in the previous experiment were used. 
Two-cubic-centimeter portions of these suspensions were added to flasks con- 
taining the stock medium and autoclaved. The flasks were inoculated with 
AzA chroococcum (927 cells per flask) and incubated. The control flasks con- 
tained only the stock medium. Azotohacter counts were made at intervals. 

The results presented in table 3 show that Azotohacter multiplied at the ex- 
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pense of the algal ceils, reaching a concentration of 2,010,000 cells per cubic 
centimeter within 15 days, in the presence of algal strain 12, and a concentra- 
tion of 1,360,000 ceils per cubic centimeter within 6 days with algal strain 22. 
The poorly developed saprophytic character of AzotobactefyimolM as the utili- 
zation of the organic matter of dead algae is concerned, was strikingly indi- 
cated In this experiment. Normall}^, the flasks containing the autoclaved 
algae showed no macroscopically visible signs of Azoiobacter growth, since the 
liquid above the sedimented algae remained clear and the algal cells retained 
their initial appearance and green coloring. Occasionally, however, a flask 
would suddenly show marked turbidity, and the mass of algal cells would ap- 
pear to be undergoing decomposition. Microscopic examinations always 
revealed that the extensive growth was due to a bacterial contaminant. Un- 
doubtedly, Azoiobacter can obtain some energy from the organic matter of 
dead algae, although the rate of utilization is slow. 

ABILITY OF CERTAIN ALGAE TO FIX NITROGEN 

During the last decade, it has definitely been proved that some species of 
blue-green algae can fix atmospheric nitrogen. Drewes (8) isolated Nostoc 
punctiforme and Anabaena variabilis in pure culture and showed that these 
algae fixed 2 to 3 mgm, of nitrogen when inoculated into 250 cc. of nitrogen- 
free medium and incubated for 50 days. Allison and co-workers (1) have 
shown that Nostoc muscorum, under certain conditions, was able to fix as 
much as 18 mgm. of nitrogen per 100 cc. of medium in 85 days. Of great 
importance was the fact that this organism was found to form normal chlor- 
ophyll in the dark and to fix 10 to 12 mgm. of nitrogen per gram of glucose 
consumed. This compared favorably with the activity oi Azoiobacter and 
indicated that Nostoc muscortm may be of considerable importance in enrich- 
ing soils with nitrogen. Recently, De (7) reported the isolation of pure cul- 
tures of nitrogen-fixing blue-green algae, Anabaena variabilis, A, gelatinosa, 
and A . naviculoides from Indian soils. 

A culture of Nostoc muscorum^ was checked for purity and for the nitrogen- 
fixing ability of this organism. The claims of Allison and co-workers were 
fully confirmed. Cultural and direct microscopic tests for contaminating 
microorganisms were uniformly negative. Definite fixation occurred in the 
light, and in the dark, in the presence of glucose. 

In order to evaluate the importance of nitrogen-fixing algae in the nitrogen 
economy of soils, it was essential to determine how frequently these organisms 
occur in soils. Approximately 80 samples of soil, including garden, field, 
pasture, greenhouse, and orchard soils as well as soils from experimental plots 
at the N. J. Agricultural Experiment Station, were tested for the presence of 
nitrogen-fixing algae. Two-gram portions of each soil were inoculated into 
flasks containing SO cc. of algal medium to which nitrogen had not been added. 

4 Obtained from Dr. F. E, Allison. 
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The cultures were incubated under electric lights and examined frequently. 
Appreciable growth of blue-green algae was noted in 35 cases after incubation 
periods of three or more weeks. As a rule, the appearance of the blue-green 
algae was preceded by the development of unicellular grass-green forms. 
Wlienever blue-green algae appeared in the flask, a small portion of the growth 
was taken from the culture, washed in three changes of distilled water to re- 
move as much contamination as possible, and reinoculated into a fresh flask 
of nitrogen-free medium. In this way, the complicating effect of the nitrogen 
added to the first culture by the soil was eliminated. On subculture, only 2 
of the 35 cultures were able to grow. The remaining 33 cultures developed 
only when fixed nitrogen (KNO3) was added to the medium. The addition of 
molybdenum and vandadium to nitrogen-free media failed to induce their 
growth. These were, therefore, considered as being unable to utilize atmos- 
pheric nitrogen. 

One of the two cultures subcultured in nitrogen-free media, No. C-5, was 
obtained from a cylinder experiment in which the soil had been fertilized with 

TABLE 4 


Fixation of nitrogen by cultures of blue-green algae isolated from soil 


CX7LTUEE 

TOTAL NITROGEN IN 100 CC. 

OF CULTOEE 

NITROGEN FIXED IN 100 CC. OF 
CULTURE 


mgm. 

mgm. 

Unlnocuiated control 

0.2 


C-5 

4.5 

4.3 

6236 

2.7 

2.5 


(NH 4 ) 2 S 04 , and the other, No. 6236, was isolated from a greenhouse soil 
Microscopic examination revealed that both cultures were of the Nosioc type. 
In order to test the ability of the cultures to fix atmospheric nitrogen, the 
two cultures of blue-green algae were again subcultured in nitrogen-free media 
and, after 42 days of incubation, analyzed for total nitrogen. Uninoculated 
media served as controls. At the time of making the nitrogen analyses, the 
cultures were tested for the presence of Azotolacter by streaking some of the 
material on the surface of agar plates of Lipman’s medium. Azotobacter cells 
were not found in any of the cultures. Both cultures fixed appreciable amounts 
of nitrogen, as shown in table 4. On the basis of the following facts, it seems 
definite that the blue-green algae in these two cultures were responsible for the 
nitrogen fixed: (a) the algae were able to make extensive growth in media free 
of added nitrogen; {b) chemical analyses proved that appreciable quantities of 
nitrogen were fixed by these cultures; (c) Azotobacter could not be demon- 
strated; (d) the blue-green algae present were of the type, species of 

which have been shown to be able to fix: atmospheric nitrogen. It appears that 
although blue-green algae occur in many soils, only a small number of these 
possess the ability to utilize free nitrogen. 
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SUMMARY AND CONCLUSIONS 

In the presence of actively growing cultures of nine strains of grass-green 
aigaCj Az, chroococcum failed to make appreciable growth under conditions 
where the sole limiting factor was a supply of available carbon and energy. 
One must conclude that the algae supplied Azotobacter with little or no avail- 
able organic matter. 

Algae liberated small amounts of organic compounds into the surrounding 
medium. In most cases, this amounted to less than 10 per cent of the total 
carbon assimilated by the algae. This accounts partly for the lack of marked 
development of Azotobacter in algal cultures; however, the most important 
probable factor in connection with the limited growth of the bacterium is the 
unavailability of even this part of the organic matter. 

Some multiplication of Azotobacter occurred when this organism was in- 
oculated into filtrates of algal cultures. This, however, was slow and limited 
in extent. Somewhat greater multiplication took place in the autoclaved algal 
suspensions, but this too was slow when compared with the rapid development 
of other bacteria that occasionally found their way, as contaminants, into the 
suspensions of algae. 

Qualitatively, the conception of a beneficial symbiosis between algae and 
Azotobacter may be true, since the two organisms do not appear to be antago- 
nistic and since small increases in numbers of Azotobacter occurred in some cases; 
however, because of the extreme sensitivity of the biological method used, these 
increases must be interpreted with caution. Quantitatively, the degree of 
symbiosis appears to be very slight. 

The indirect role of the majority of soil algae in the fixation of atmospheric 
nitrogen either is nonexistent or functions to only a very small extent, for 
despite favorable environmental conditions and the presence of large numbers 
of algae, Azotobacter could not make appreciable growth with the amount of 
energy supplied by the algae. These optimum conditions rarely occur in 
nature Azotobacter has to compete with numerous microbial forms such 
as fungi, actinomycetes, and other bacteria for the available organic matter. 

Blue-green algae must be considered as direct participants in the fixation of 
nitrogen in the soil. Their practical importance, however, still remains to be 
determined. 
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The value to plants of a high level of exchangeable bases in the soil has 
become evident. Early recognition came from studies of the growth and 
nitrogen fixation of soybeans in relation to the amounts and degrees of satu- 
ration of nutrient cations in this form. In many of our permanently acid 
soils, this exchangeable-base level has dropped to a dangerously low point. 
In others it is rapidly moved there. It thus becomes important that all 
possible sources of mineral bases be considered and investigated. 

Studies by Albrecht, Graham, and Ferguson (1), suggested that the break- 
down of the inorganic colloidal clay fraction of Putnam silt loam would be 
insignificant in providing the mineral base requirement of legume plants 
growing on the clay. Since the sand fraction of soil is composed primarily of 
quartz, this would leave the primary minerals of the silt fraction as the only 
source of mineral bases. Jenny, Cowan (4), and others have shown that 
when a base leaves the ionic atmosphere of the colloidal fraction the hydrogen 
ion takes its place. The question now arises as to whether a base can transfer 
from the crystal lattice of the primary mineral in the silt fraction to the ionic 
atmosphere of the colloidal fraction. It was under the assumption that this 
takes place that the following investigation was undertaken. 

PLAN OF STUDY 

Crystal pure samples of quartz, augite, microcline, biotite, anorthite, and 
hornblende were each ground in a ball mill until they had reached a fine state 
of subdivision. Each sample was then placed in a liter cylinder, distilled 
water was added, and the fraction ranging in size from 0.05 to 0.005 mm. 
equivalent diameter was separated by means of the beaker method of mechan- 
ical analysis. The silt fraction so obtained was then placed in a Gooch crucible 
and 1 liter of 0.001 N HCl was allowed to leach slowly through it. The 
sample was then washed free of chlorides. The pH of the aqueous solution 
of the leached mineral was used as the index to insure that all the basic cations 

^ Contribution from the department of soils, Missouri Agricultural Experiment Station, 
Journal Series No. 640. 

® Instructor in soils. 
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released by grinding had been removed. The mineral sample was then 
oven dried and reserved for later treatment. 

Colloidal day was extracted from the heavy subsoil layer of Putnam silt 
loam and elec trodial}- zed according to the method of Bradfield (2). The clay 
suspension thus prepared, containing 3.99 per cent of dry material, had a 
pH of 3.3. A conductometric determination of the exchange capacity accord- 
ing to the carbonation method of Bradfield and Allison (3) showed this to be 
68 m.e. per 100 gm, of clay. 

The mixtures of acid clay and finely ground minerals were prepared by 
taking units of the hydrogen clay suspension to give 5 gm. of clay and adding 
to each the 10 gm. of one of the silt samples of the primary minerals previ- 
ously prepared. The mixtures were shaken thoroughly and allowed to stand 
for 31 days, when the pH of each mixture was determined. This was repeated 
after 70 days and again at the end of 107 days.^ After this time interval the 
mixtures were transferred to large centrifuge tubes. Neutral ammonium 
acetate was added, and the mixtures were centrifuged. The clear super- 
natant solution was siphoned off. The ammonium acetate washing was re- 
peated four times to insure the removal of all the exchangeable cations. The 
supernatant liquid was analyzed by standard quantitative procedures for 
its sesquioxides, calcium, and soluble material other than these. The small 
amounts of silicon made soluble were removed by dehydration and filtration. 

Samples of three of the primary minerals—augite, hornblende, and anorthite 
— in cj[uantities used in the foregoing treatments were mixed with the same 
amount of ordinary’- distilled water as that contained in the suspension. After 
these aqueous mineral mixtures had stood for 70 days they were analyzed by 
standard procedures for iron and calcium. This part of the experiment 
was arranged to test the mineral breakdown in the presence of water only. 

EXPERIMENTAL RESULTS 

The pH of the mineral colloidal-clay mixtures increased decidedly in some 
instances and insignificantly in others. This is evident in figure 1. The pH 
of the anorthite-ciay mixture showed the greatest change, from 3.3 to 5.70 
after 107 days. 

The analyses of the supernatant liquids obtained by the addition of normal 
ammonium acetate showed that no sample contained more than a trace of 
sesquioxides. The results of the calcium analysis, presented in table 1, 
show that calcium was present in the extract from every sample. The ex- 
changeable calcium obtained from the anorthite-clay mixture represented 
0.4 per cent of the total calcium present in the 10 gm. of crystal sample used. 

Four of the samples contained only traces of soluble materials other than 
calcium, but the anorthite-clay and the hornblende-clay mixtures contained 
significant amounts. The data are assembled in table 1. 

^ The pH determinations at the end of the 70-day interval were made with a glass electrode; 
ail others were made with quinhydrone. 
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days days days 
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Fig. 1. Changes with Time in the pH op Mineral Colloid-Clay Mixtures 

TABLE 1 


Exchangeable calcium and other sohiUe materials in mixtures of clay with minerals 


MIXTURE 

CALCIUM 

SOLUBLE MATERIALS 
OTHER THAN 
CALCIUM 


mgm. 

mgm. 

Quartz 

1.3 

Trace 

Augite 

7.1 

Trace 

Microdine 

5.1 

Trace 

Biotite 

2.8 

Trace 

Hornblende. 

10.3 

14.5 

Anorthite 

48.1 

7.5 


TABLE 2 

Iron and calcium found in the filtrate of aqueous mineral mixtures after 70 days 


MIXTURE IRON' CALCrOM 

mgm. msm. 

1.98 0.0 

0.0 3.0 

0.0 0.5 


Augite. . . . . 
Hornblende 
AnortMte . . 
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Data on the mineral breakdown in water, as measured by an analysis of 
the filtrate from the aqueous mineral mixture, are shown in table 2. 

DISCUSSION 

The results obtained in this study show a definite transposition or metath- 
esis of calcium from the crystal lattice of the anorthite, hornblende, and 
augite to the ionic atmosphere of the colloidal clay. The potash feldspar, 
microcline, proved to be almost invulnerable to the action of the hydrogen 
ions. The biotite mica was even more resistant than the microcline. Field 
evidence points toward this order of weathering but gives no indication that 
it can go on as rapidly as indicated in this experiment. Here the hydrogen 
of the acid clay released 3.4 per cent of the total calcium in anorthite in 107 
days as compared to 0.03 per cent of the total calcium by simple hydrolysis 
in 70 days. 

The silt fraction of the very acid Putnam silt loam has a mineral composi- 
tion of approximately 20 per cent, other than quartz, which is composed of 
muscovite, albite, and potash feldspars. A comparison might be made with 
the silt fraction of the neutral Marshall silt loam, which according to Robin- 
son (5) has a mineral composition of approximately 34 per cent, other than 
quartz, which consists of potash feldspar, muscovite, biotite, magnetite, 
epidote, albite, labradorite, oligoclase, tourmaline, rutile, glaucophane, 
hornblende, and augite. The Marshall soil, in contrast with Putnam silt 
loam, contains the calcium feldspars; namely, labradorite, oligoclase, horn- 
blende, and augite, which can furnish bases to replenish the supply of the 
colloidal fraction. It is not surprising then that the pH of the Marshall soil 
is near 6.9, whereas the pH of the Putnam is 5.0, and that this latter soil has 
a ^lime requirement” of 6000 pounds per acre. 

Robinson (5) reported that Volusia silt loam (a well-known acid soil) has a 
silt fraction of minerals which are 38 per cent other than quartz. On a basis 
of other-than-quartz minerals, we might expect this soil to have a high ex- 
chanpable-base level. The minerals which made up the other-than-quartz 
fraction, however, were mainly potash feldspar, with small amounts of mus- 
covite, rutile, epidote, biotite, tourmaline, augite, and hornblende. The 
calcium-bearing feldspars were not found. These facts coincide with the 
observation on the stability of microcline in the presence of hydrogen clay. 
Consequently, we may have add soils of which the silt fraction contains large 
amounts of other-than-quartz minerals. It also appears that any soil which 
is void of calcium feldspars would necessarily be unable to maintain a high 
exchangeable-calcium level. To maintain the exchangeable-calcium level on 
soils of this latter type, calcium must be added in the form of limestone or 
fertilizers. 

The data show that the hydrogen colloid is a very active force in the weath- 
ering of the calcium-bearing minerals. In these trials it was so active that 
3.4 per cent of the total calcium present in the anorthite was moved out of 
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the crystal into the exchange envelope. ThiS' represents an activity ap- 
proximately one hundred times as great as that of hydrolysis on anortliite by 
ordinary distilled water. 

The method used in this experiment points to many possibilities for future 
study. Soil or mineral weathering, mechanisms of exchange of cations, con- 
ditions and time intervals significant in soil fertility, and numerous other 
activities could be studied by this method and from this point of view. Fur- 
ther studies can doubtless give some accurate measurements of changes in 
mineral structure and weathering rates. 

SUMMARY AND CONCLUSIONS 

This study of the influence of hydrogen da^y on the metathesis of the bases 
from the structure of primary minerals of the silt size revealed the following: 

In the comparatively short time interval of 107 days, calcium can be transposed from the 
crystal of anorthite to the exchange atmosphere of hydrogen colloidal clay in such quantities 
as to change the pH of soil clay from 3.30 to 5.70, 

The hydrogen of the colloid can be effective in bringing about calcium, removal also from 
the crystals of hornblende and augite. 

Biotite and microcline are little affected by the action of the hydrogen sorbed in the 
exchange atmosphere of colloid clay. 

The action of sorbed hydrogen ions of the clay brought about a weathering effect on the 
mineral cr}?stal significant enough to remove 3.4 per cent of the total calcium held in the 
anorthite mineral. 

The hydrogen clay thus becomes a very active agent in the weathering processes when it 
causes approximately 100 times as much calcium to be removed from anorthite as was re- 
moved by the hydrolytic action of water. 
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When an organism is introduced artificially into soil it must adjust itself to 
its new environment if it is to survive and multiply. Successful inoculation is 
dependent primarily on the persistence and development of the inoculant in 
the soil; hence it is essential that the addition of an organism to soil be pre- 
ceded by careful consideration of the conditions which will make this sub- 
strate suitable for it. Such factors as food supply (organic and inorganic), 
temperature, oxygen tension, moisture content, reaction (pH), and associative 
and antagonistic relationships (25) merit close attention. 

Rhizobia have been used most extensively for soil inoculation (7). It was 
found, for example, that Rh. leguminosarum and Rk. meliloti persisted in much 
greater numbers in fertilized than in untreated soil (19). As Rh, meliloti 
prefers a neutral to alkaline reaction, liming an acid soil is an important prac- 
tice where this bacterium is to be introduced. Many other examples might be 
cited which supply ample proof of the importance of soil amelioration in es- 
tablishing Rhizobia in soil (7). 

Azotobacter cultures have been widely used as soil inoculants (9, 24), but 
the results have not been particularly favorable, possibly because of the diffi- 
culty of establishing the organisms in the soil. Correction of unfavorable 
conditions, whether by liming or addition of carbohydrates or both, enabled 
the organisms to persist and develop in soils from which, theretofore, they 
had disappeared rapidly after being introduced (14). 

An increasingly important phase of soil inoculation is that which relates to 
the use of organisms antagonistic to soil-borne pathogens. Again it is essen- 
tial to establish the control organism in its new habitat before it can be ex- 
pected to exert its antagonistic effects. There is some evidence of biological 
control of certain plant parasites by the introduction of antibiotic forms into 
the soil (2, 11, 12, 16, 20, 27, 28); this protection is not universal, however, 
partly because of the difficulty of establishing the antagonistic form in soil 
(5,6). 

In the present investigation, certain typical soil fungi, bacteria, and ac- 
tinomycetes were inoculated into soils, and studies were made of their survival 
over a period of time. 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, department 
of soil chemistry and bacteriology. 
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EXPEEIMENTAL 

Survival of organisms inoculated into soils 

Palouse silt loam and soils taken from the New Jersey Agricultural Experi- 
ment Station plots SA, 5B, 7A, and 7B, which had received various field 
treatments, were used (14). The soils were sieved, placed in 300-gm. portions 
in glass jars, brought to 50 per cent of the moisture-holding capacity, and 
inoculated with suspensions of the organisms. Only those species of organisms 
which could be easily recognized and readily distinguished from the other 
forms developing on the plates were employed. In the case of bacteria, young 
agar cultures were employed; spore suspensions were used for fungi; and mix- 
tures of spores and mycelium, for actinomycetes. Samples of treated soils 
were removed for plating 24 hours after inoculation and at periodic intervals 
thereafter. Nutrient and sodium-albuminate agars were used for bacteria 
and actinomycetes, and peptone-acid agar for fungi (8). Ail the jars were 
weighed, covered, and incubated at 28°C.; moisture was maintained at the 
optimum by weekly additions of water. 

The method used for detecting the organisms introduced had certain limi- 
tations. It is difficult, for instance, to distinguish certain organisms on too 
crowded plates, as is the case with low dilutions, 1 : 100 to 1 ; 1000 for fungi and 
1 : 1000 to 1 : 10,000 for bacteria and actinomycetes. Consequently, when a 
statement is made that an organism, originaUy present in large numbers as a 
result of inoculation, has disappeared, the implication is that fungi were 
absent from plates with soil dilutions of 1 : 100 to 1 : 1000, and bacteria and 
actinomycetes from plates in dilutions of 1:1000 to 1:10,000. Such absence 
is indicated by a zero in the tabular data. Obviously the organisms in ques- 
tion may have been present in smaller numbers, but the method employed in 
this study was not sufficiently exact to detect them. 

The survival of a group of organisms introduced into the various soils is 
presented in tables 1 to 3, The microbial flora of the uninoculated soils re- 
flected to a certain extent the characteristics and previous history of the soils 
used. Palouse soil, the highest in nitrogen and organic matter, supported 
larger numbers of bacteria and actinomycetes than the other soils, with the 
exception of 5B which had a bacterial count as high as that of the Palouse. 
Because of its high acidity, soil 7 A had the smallest numbers of bacteria and 
actinomycetes. Soil 7B with a higher pH value gave counts of microorganisms 
approaching those of soils 5A and 5B. Fungus counts were not widely di- 
vergent in the soils, although it might have been expected that the soils with 
lower pH would have a higher fungus flora (22^ 23). Possibly the air-drying 
of the soils before plating was responsible for some of these unexpected effects. 

The most significant and consistent results obtained with all the soils was 
the complete disappearance, within the experimental period, of three organ- 
isms, F. culmorum^ Act^ cellulosae^ said Fs,Jluorescens, To be sure, the other 
organisms decreased in numbers as well, but none of those studied in all the 
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soils disappeared withm tlie time of the experiment.. In the Palouse soil^ 
Helminihosporium disappeared; because of the difficulty encountered in dis- 

TABLE i 

Survival of microorganisms inoculated into Palouse soil 
Numbers per gram oven-dry soil, X lO"® 

DAVS OF INCUBATION 

13 22 32 46 S3 167 230 

0.6 0.8 0.3 0.7 0.6 0.8 0.2 

3.4 2.6 3.5 3.9 3.1 2.4 1.5 

17.2 15.9 15.6 18.6 12.9 5.8 2,9 

9.9 5.5 8.3 8.8 8.9 3.1 3.6 

13.3 11.1 4.1 3.2 0.5 0,4.1-*^ 0.0 

40.9 23.8 46.1 42.1 34.3 45.5 22.6 

41.9 10.5 16.9 25.5 36.4 14.9 21.2 

67.8 26.3 13.1 15.2 0, 71.9’^' 

625.0540.0792.0387.0 309.0 

2.3 2.4 0.8 0.7 0.1 

0.5 1.0 0.6 0.5 0.9 0.3 0.4 

29.7 40.4 43.1 31.1 28.7 54.2 34.9 

138.0 48.7 45.9 52.2 47.6 57.1 82.4 

Reinoculated. 

t E. sativum per gram oven-dry soil. 

% Uninoculated soil. 

TABLE 2 

Survival of microorganisms inoculated into tmmanuredy limedj and unlimed Sassafras soils 
Numbers per gram oven-dry soil, X 10~s 


Soil 7 A 7B 

Incubation days Q 20 45 75 iOO 0 20 45 75 100 

Cunningkamella sp 0.2 0.8 0.2 0.3 0.3 0.2 0.1 0.1 0.1 0.1 

Aspergillus sp 2.1 12.6 1.2 1.2 2.0 5.4 8.3 26.910.1 9.6 

Pemcillitm sp.. .......23.5 6.0 5.2 1.9 1.9 23.420.013.910.611.1 

F.culmorum..:. 0.2 0.1 0.0 0.0 0.0 2.8 0.1 0.0 0.0 0.0 

Act. cellulosae 4.6 1.5 0.3 0.0 0.0 13.2 0.8 0,4 0.0 0.0 

B.cereus ...13.6 4.4 6.8 10.5 9.1 36.043.2 25.7 20.8 22.9 

B. megatherium 24.1 16.0 15.8 21.8 17.3 31.4 65.3 33,7 35.631.S 

B.mycoides. ....72.020.3 7.7 14.3 11.1 22.6 64.8 23.9 29.3 26.4 

Fs. fiuorescens. 33.1 0.0148.0'' 0.0 0.0477.0 3.8 0.0 0.0 0,0 

Fungit.... 0,9 1.0 0,9 0.8 0.9 0.3 1.0 0.6 0.7 0.7 

Actinomycetesf 2.3 0.9 1.3 1.4 1.2 14.9 15.0 18.0 17.3 16.1 

Bacteriaf 9.5 4.2 3.0 2.9 3.1 30.6 38.0 26.1 27.9 26.6 


* Reinoculated, 
t Uninoculated soil. 


0, 17r'* 0.0 
0.0 0.0 
0.0 0.0 


OSG/INISM 

0 s 


Cunninghamella sp 0.8 0.5 

Aspergillus sp 3.6 3.6 

Penkillium sp 23.1 17.1 

Trichoderma sp 4.5 11.5 

Actinomyces cellulosae 18.6 10.4 

B acillus cereus 39.7 55.5 

B . megatherium 9.7 20.9 

Pseudomonas fluorescens 175.0144.0 

Hehninihosporimn sativum^.. . 320.0 161.0 

Fusarlum ctdmorum 3.7 3.3 

Fungif 1.4 1.9 

Actinomycetesf 30.2 52.4 

Bacteriaf. 175.0 145.0 


tinguishing this organism on fungus plates, it was not used further. It was 
also difficult to make accurate counts of Trichoderma because of its rapid 
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growth and spreading habit; this organism, too, was therefore eliminated from 
subsequent studies. 

The fungi used in this investigation are among the most common forms oc- 
curring in soils (1, 13, 17, 18, 22). Cunninghamella is perhaps less frequently 
encountered than the others, although it has been isolated from soil by various 
investigators (3, 17, 18, 21). Eelminthosporium is rather widely distributed, 
especially when it is actively parasitic; it also has been frequently isolated from 
soil (3, 4, 22). It is reasonable to expect that the introduced organisms 
would encounter competition from the active native microflora, in ad- 
dition to the adverse physical and chemical conditions of the soil itself. 
The integrated effect of these factors led to a rather definite decrease of 
numbers of some organisms and to the elimination of others, whereas in 

TABLE 3 


Stmival of microorganisms inoculated into manured and manured and limed Sassafras soils 
Numbers per gram oven-dry soil, X 


Son, 

5A 

5B 

Incubation. days 

0 

20 

45 

. 75 

100 

0 

20 

45 

75 

100 

Cunninghamella sp 

0.5 

0.8 

0.4 

0.4 

0.4 

0.7 

0.2 

0.1 

0.2 

0.1 

Aspergillus sp 

8.5 

5.1 

4.0 

4.9 

4.0 

7 . 5 ; 

5.1 

2.1 

2.5 

1.9 

Penicill m m sp 

24.7 

12.9 

7.7 

9.6 

7.1 

33.9 

4 . 4 : 

2.7 

2.5 

2.2 

F. cuhnorum 

0.4 

1.1 

0 . 9 i 

0.1 

0.0 

2.0 

0.1 

0.1 

0.02 

0.0 

Act, cellulosae 

8.4 

2.2 

0.1 

0.0 

0.0 

7.6 

1.4 

0.04 

0.0 

0.0 

B. cereus 

23.2 

31.7 

57.4 

51.5 

49.3 

86.9 

27.1 

8.6 

10.5 

12.3 

B, megatherium 

23.4 

70.5 

^ 38.2 

40.6 

35.3 

32.1 

45.0 

16.2 

15.3 

12.4 

B, mycoides 

64.3 

; 71.1 

125.4 

101.7 

98.6 

55.3 

54.6 

, 36.7 

29.6 

25.3 

Ps, fluorescens, 

142.8 

0.0 

0.0 

0.0 

0.0 

175.0 

6.7 

! 1.1 

0.0 

1 0.0 

Fungi’*’ 

1.3 

1.0 

1.0 

1.1 

1.5 

0.9 

1.1 

0.8 

0.9 

0.8 

Actinomycetes’*’ 

14.4 

20.8 

30.6 

25.1 

20.7 

24.2 

18.2 

22.6 

21.7 

19.9 

Bacteria* 

38.0 

46.7 

39.4 

36.1 

35.8 

48.4 

46.6 

52.8 

50.6 

45.3 


* Uninoculated soil. 


pure culture and in sterile soil there was positive development in all cases, as 
shown elsewhere (15). It is interesting to note that the Fusarium disap- 
peared much more rapidly from soils 7 A and 7B than from the other soils, which 
contained more organic matter and nitrogen. 

Actinomyces cellulosae decreased comparatively slowly in the Palouse soil, 
which appeared to be more favorable for actinomycetes than the other soils; 
in the latter soils, this organism disappeared at about the same time. 

The numbers of spore-forming bacteria did not decrease so rapidly as did 
the other organisms; in fact, in some cases there seems to have been an in- 
crease. Because of their ability to produce spores, these organisms are more 
resistant than are other bacteria. It is quite possible that they persisted in the 
soil chiefly as spores (24). It was impossible, however, to distinguish between 
the vegetative cells and the spores in the soils by the usual plate method. 
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The sharpest decrease in the numbers of these organisms occurred with B, 
cereus in soil SB and with B. mycoides in soil 7 A. 

Pseudomonas fluorescens is commonly believed to be widely distributed in 
soils (24). Its rapid disappearance from soils 7 A and 5 A suggests that the 
reaction could be one of the limiting factors; its longer persistence in soil 5B 
and especially in the Palouse soil may be evidence of the favorable effect of 
organic, matter. 

Survival of microorganisms in soils receiving di^ereni treatments 

It was reported previously (14) that certain soil treatments provided con- 
ditions favorable for the survival and multiplication of Azotobacter in soils. 
The same procedure was followed in an attempt to establish Ps. fluorescens^ 
F. cidmorum, and Act, celbdosae in the soils from which they were eliminated. 
The soils were treated with different materials, at the rate of 1 per cent, and 
designated as follows: 


PS. PLUORESCENS 

P. COLMORUM 

ACT. CELLULOSAE 

Desig- 

nation 

Treatment 

Desig- 

nation 

Treatment 

Desig- 

nation 

Treatment 

B1 

Control 

FI 

Control 

Ai 

Control 

B2 

CaCOs 

F2 

CaCOs 

A2 

CaCOa 

B3 

Alfalfa 

F3 

Alfalfa 

A3 

Alfalfa 

B4 

Straw 

F4 

Straw 

A4 

Straw 

B5 

Manure 

F5 

Manure 

A5 

Manure 

B6 

Dried blood 

F6 

Alfalfa + CaCOa 

A6 

Alfalfa + CaCOa 

B7 

Alfalfa + CaCOa 

F7 

Straw -p CaCOa 

A7 

Straw 4” CaCOa 

B8 

Straw -f CaCOa 

F8 

Manure + CaCOa 

AS 

Manure 4* CaCOa 

B9 

Manure + CaCOa 





BIO 

Dried blood 4* 






CaCOs 






Pseudomonas fluorescens decreased considerably in numbers in the Palouse 
soil except where dried blood had been added (table 4). The same was true in 
the later incubation periods (not included in the table). Next came the soil 
treated with alfalfa. The total numbers of soil microorganisms were also 
highest in the soils receiving dried blood, as shown in tables 5 and 6. There 
was evidently little correlation with the pH values (table 7). 

In soil 7 A Ps, fluorescens persisted wherever lime was added; addition of 
dried blood had a similar effect, due perhaps also to an increase in pH value. 
At the end of 12 days, there was a pronounced increase in number of cells of 
this bacterium in soil 7A treated with straw and dried blood together with 
CaCOs* In soil 7B Ps, fluorescens disappeared after 45 days, but it persisted 
where calcium was added, especially in combination with organic materials. 
The organism persisted in soil 5A receiving lime and especially in the soil 
treated with dried blood. 
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The addition of CaCOs alone to soil 5B did not make conditions for the 
survival of Fs, fluorescens any more favorable than those in the control soil. 
In combination with dried blood and to a lesser extent with alfalfa it 
had a beneficial effect. The soil treated with lime and alfalfa supported 
a bacterial flora which was, next to the soils with dried blood, the most 
abundant numerically (table 6). 

TABLE 4 

Survival of Ps. fluorescens in soils receiving diflerent treatments 


Numbers per gram oven-dry soil, X 10 ® 


Soils 

PALOUSE 

7A 

7B 

5A 

5B 

Incubation, ,day$ 

0 

12 

40 

0 

12 

40 

0 

12 

40 

0 

12 

40 

0 

12 

40 

B1 

18 

1.3 

0.1 

120 

0.05 

0.00 

98 

9 

0.07 

80 

4.5 

O.Oj 

1 

23 

2.1 

0.03 

B2 

11 

1.4 

0.2 

134 

22.0 

3.0 

49 

3 

0.12 

79 

5.7 

0.3 

52 

0.4 

0.05 

B3 

18 

8.4 

0.6 

144 

3.0 

0.1 

72 

29 

0.13 

87 

0.8 

0.0 

34 

4.7 

0.11 

B4 

18 

0.9 

0.09 

1741 

2.0 

0.07 

99 

6 

0.11 

88 

3.7 

0.0 

39 

1.0 

0.03 

B5 

16 

0.6 

0.05 

151 

1.0 

0.05 

81 

3 

0.07 

93 

7.9 

0.0 

32 

1.8 

0.18 

B6 

10 

10.6 

:2.20 

100 

51.0 

38.0 

95 

564 

12.0 

108 

15.4 

1.3 

35 

2.1 

2.50 

B7 

: 17 

4.4 

1.2 

110 

! 67.0 

1.0 

68 

158 

2.5 

99 

88.4 

0.9 

43 

4.4 

0.51 

B8 

16 

; 0.7 

0.07 

158 

1611.0 

2.0 

87 

5 

0.1 

122 

14.5 

0.3 

59 

1.7 

0.01 

B9 

16 

2.8 

0.09 

131 

6.0 

3.0 

84 

9 

0.13 

91 

10.2 

0.7 

31 

2.8 

0.02 

BIO 

14 

15.0 

3.0 

138 

604.0 

35.0 

90 

242 

18.0 

115 

90.0 

18.0 

48 

2.9 

2.30 


TABLE 5 

Influence of various treatments on the numbers of fungi in different soils 
Numbers per gram oven-dry soil, X 10”^ 


Soils 

PALOUSE 

7A 

7B 

SA 

SB 

Incubation, .days 

0 

12 

40 

0 

12 

40 

0 

12 

40 

0 i 

12 

40 

0 

12 

40 

FI 

6 

22 

5 

5 

46 

11 

1.0 

4.2^ 

oo 

d 

6.8 

5.5 

2.9 

2.8 

6.2 

4.1 

F2 

5 

13 

7 

4 

112 

12 

2.0 

4.4 

8.9 

5.8 

7.3 

1.8 

3.4 

2.0 

3.3 

F3 

7 

41 

6 

4 

191 

41 

1 0.9 

18.0 

9.6 

5.3 

137.0 

6.0 

5.5 

31.0 

3.0 

F4 

4 

22 

26 

1 6 

198 

56 

1 2-Oj 

17.6 

6.0 

3.8, 

15.9 

8.2 

4.1 

14.9 

2.6 

, FS 

4 

13 

i 15 

5 

54 

17 

0.9 

14.0 

6.0 

3.3 

5.8 

7.2 

2.7 

12.8 

3.0 

F6 ■ 

5 

21 

22 

3 

117 

21 

2.0 

25. Oi 

2.4 

4.5 

7.4 

2.3 

5.0 

24.6 

1.2 

F7 

3 

8 

16 

4 

86 

10 

1.3 

7.0 

1.9 

6.1 

15.6 

1.3 

5.7 

14.3 

2.3 

F8 

. 4 

46 

7 

3 

64 

10 

1.9 

9.41 

2.4 

3.0 

9.2- 

4.3 

3.4 

13.6 

4.3 

B6 

, 5 

58 

11 





1 


4,2 

46.3 

6.7 




BIO 

9 

130 

35 







3.1 

55.9 

3.0 





It thus appears that liming of acid soils (7A and 5A), in particlar, and of 
soil deficient in organic matter (7B) favors the persistence of Fs. flmrescens, 
even if in diminished numbers. The effect of dried blood with and without 
lime was consistently beneficial, and in two cases (Palouse and SB), alfalfa in 
combination with lime was also favorable. The fact that the general soil 


MICROORGANISMS INTRODUCED INTO SOIL 


289 


microfiora was very abundant following those treatments which were conducive 
to the persistence' of Fs, flmrescens suggests the possibility that the activity 
of that microflora contributed to the liberation of some nutrients which could 
be utilized by the inoculated organism. Waksman and Lomanitz (26) found 
that Ps.^ flmrescens could not decompose casein but could act upon i-arious 
amino acids^ whereas the converse was true for B. cereus. The combination 

TABLE 6 

Influence of mrious treatments on the numbers of bacteria in diflerent soils 


Numbers per gram oven-dry soil, X 


Soils 

PALOUSE 

7A 

7B 

SA 

SB 

Incubation, .days 

0 

12 

40 

0 

12 

40 

0 

12 

40 

0 

12 

40 

0 

12 

40 

A1 

18 

7 

26 

0.3 

0.1 

0.2 

7 

3 

2 

5 

8 

2 

5 

9 

8 

A2 

11 

4 

19 

1.0 

26.0 

50.0 

4 

8 

4 

7 

17 

10 

9 

10 

7 

A3 

17 

84 

39 

0.5 

18.0 

2.4 

5 

50 

16 

10 

49 

10 

10 

65 

46 

A4 

15 

65 

33 

0.4 

2.1 

2.0 

8 

35 

21 

6 

21 

15 

6 

39 

17 

A5 

21 

33 

21 

0.5 

5.0 

0.8 

3 

20 

10 

11 

20 

5 

14 

32 

17 

A6 

17 

143 

46 

0.6 

46.0 

60.0 

6 

78 

43 

12 

70 

40 

7 

82 

33 

■ A7 

21 

24 

281 

0.7 

61.0 

61.0 

7 

56 

36 

11 

41 

16 

9 

47 

32 

A8 

23 

49 

49! 

0.4 

30.0 

53. Oi 

4 

47 

13 

14 

47 

14 

12 

57 

12 

B6 

15; 

240 

74| 

0.3 

250.0! 

107.0 

6 

611 

72 

9 

81 

40 

6\ 

123 

41 

BiO 

18 

730 

70 

0.2 

703.0 

258. 0! 

1 

5 

703 

132 

8 

308 

216 

8' 

139 

158 


TABLE 7 

Reaction (pB) of soils receiving different treatments 


Sons 

PALOUSE 

7A 

7B 

SA 

SB 

B1 

6.5 

4.1 

5.8 

4.8 

5.9 

B2 

6.7 

7.0 

7.3 

6.4 

6.8 

B3 

5.4 

4.4 

4.6 

4.3 

5.0 

B4 

6.4 

1 4.9 

5.8 

4.7 

5.9 

B5 

5.6 

! 4.3 

6.6 

4.8 

6.0 

B6 

5.9 

8.1 

8.1 

6.6 

6.7 

B7. 

7.2 

7.1 

6.4 ! 

6.3 

6.2 

B8 ! 

7.1 

7.1 

7.1 : 

7.0 

4.2 

B9 

6.9 

7.4 

7.4 

7.2 

6.7 

BIO 

6.8 

8.3 

8.4 

6.3 

6.6 


of the two organisms in casein media resulted in rapid decomposition of the 
protein by B. cereus and rapid ammonification of the protein derivatives by 
Fs, flmrescens. In the present investigation, counts were made also on nu- 
trient agar; they showed large numbers of spore-forming bacilli. These may 
have been partly concerned in the decomposition of certain complex con- 
stituents of the organic residues to simpler compounds, which could be utilized 
by Fs.fluorescens, 
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Fusarkm mlmomm (table 8) was not appreciably affected after 12 days in 
the Palouse soil, regardless of the treatment, but decreased rapidly after that 
period. Half the treated 7A soils gave no evidence of the fungus after 40 days. 
The only case where the organism survived in soils 5A and 7B for 105 days was 
in the presence of alfalfa. There was rapid elimination of the fungus from 
soil 5B except where alfalfa was used; the numbers were appreciably reduced 

TABLE 8 

Survival of F. cuhnorum in soils receimig diferent treatments 


Numbers per gram oven-dry soil, X 10 ^ 


Soils .... 


PALOUSE 



7A 



7B 



SA 



5B 


Incubation. . . 
days 

0 

12 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

FI 

28 

36 

7.0 

0.1 

10 

16 

1.0 

0 

77 

12 

0 

0 

45 

2.9 

0.1 

0.1 

84 

2.3 

0 

0 

F 2 

42 

35 

4.0 

0.1 

10 

17 

2.0 

0 

81 

34 

2.4 

0 

85 

14.7 

0 

0 

46 

2.0 

0 

0 

F 3 : 

33 | 

19 

0.2 

0.3 

12 

8 

0.0 

0 

67 

13 

2.1 

1 

79 

18.5 

0.3 

0.5 

45 

6.7 

1.8 

0 

F 4 

38 

30 

0.8 

0.1 

14 

9 

0.0 

0 

51 

16 

0.1 

0 

75 

3.1 

0 

0 

64 

4.2 

0 

0 

F 5 j 

61 

51 

3.0 

| o.o 

12 

6 

0.0 

0 

108 

14 

0.1 

0 

90 

2.9 

0 

0 

81 

4.2 

0.01 

0 

F 6 

46 

17 

4.0 

0.1 

19 

1 

0.0 

0 

66 

21 

0.0 

0 

50 

1.6 

0.2 

p 

70 

2.3 

0 

0 

F 7 

33 

45 

3.0 

0.1 

20 

3 

0.2 

0 

61 

20 

0,1 

0 

60 

19.5 

0 

0 

44 

4.3 

0 

0 

F 8 

32 

23 

2.0 

0.0 

16 

2 

3.0 

0 

90 

11 

0.0 

0 

96 

35.0 

0 

|0 

41 

4.8 

0.02 

0 


TABLE 9 

Survival of Act. celkdosae in soils receiving different treatments 
Numbers per gram oven-dry soil, X lO*"^ 


Soils 


PALOUSE 



7A 



7B 



SA 



SB 


Incubation, . . 
days 

0 

12 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

0 

12 

40 

105 

Ai 

170 

32 

0 


160 

6 

3 

0 

220 

87 

0.6 

0.5 

o 

o 

257 

5 

1 

535 

39 

3.3 

2.1 

A 2 

100 

38 

25 

O' 

160 

52 

2 

0 

220 

76 

0.5 

0 

1810 

200 

5 

0 

328 

46 

2.4 

1.6 

A 3 

120 

0 

0 

0 

ilSO 

9 

5 

1 

1240 

7 

5.8 

7.0 

860 

46 

4 

3 

639 

14 

13.4 

8.0 

A 4 1 

130 

1 

0 

0 

120 

13 

2 

0 

250 

41 

0 

0 

540 

200 

6 

2 

513 

38 

1.0 

1.2 

A 5 

170 

' 8 

8 

0 

170 

20 

3 

0 

300 

20 

0 

0 

770 

48 

55 

0 

763 

43 

5.6 

1.6 

A 6 

130 

0 

0 

0 

120 

41 

23 

21 

230 

15 

0 

0 

450 

53 

14 

9 

391 

21 

2.7 

1.6 

A 7 

190 

3 

1 

1 

170 

39 

23 

0 

310 

74 

5.2 

0 

410 

174 

13 

0 

470 

: 44 

6.4 

1.7 

AS 

160 

35 

0 

0 

180 

37 

9 

8 

330 

105 

5.7 

0 

900 

408 

88 

0 

:397 

49 

1.4 

3.2 


even with this treatment, as was the case with the other soils. The pH of all 
soils treated with alfalfa was below 5.5, but the acid reaction alone was not 
responsible for the survival of this organism, since in the absence of any 
treatment in the acid soils (7A and 5A) the fungus also disappeared. Ad- 
dition of CaCOa eliminated the favorable effect of the legume residue. 

No correlation was found between the survival of Act. cellulosae 9) 
and any of the following factors: lime (pH), organic materials added, and 
abundance of organisms in the general soil population. The Actinomyces 
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decreased rapidly in Palouse soil and in soil 7B, but more slowly in soils 7A, 
5 A, and 5B. Alfalfa with lime exerted favorable effects in soils 7 A and 5A; 
and alfalfa alone, in soils 7B and 5B. It is possible that the slower rate of 
disappearance of Act. cellulosae in soil 5 A and in soil SB was due to the 
heavier inocula which these soils received. 

DISCUSSION 

The results brought out in these experiments show that microorganisms 
inoculated into soil die out rapidly as a result of various unfavorable conditions 
of the new environment. Some organisms appear to be so incapable of ad- 
justing themselves to their new habitat that they disappear completely, inso- 
far as the method used is capable of demonstrating complete disappearance. 
Correction of certain of the factors inimical to their survival enabled them to 
persist, although their numbers were reduced. 

Among the various factors which control biological activity in soil, reaction 
and food supply occupy a prominent place. A suitable reaction was found 
necessary for Ps. fluorescens; food supply was also important. With F. 
culmomm as well, food supply was an important factor. 

It was previously reported (15) that various typical soil organisms, inocu- 
lated into sterile soil, increased in numbers to a maximum, then gradually 
decreased. It was suggested that the increase in available nutrients, as a 
result of sterilization, and the absence of competing organisms were responsible 
for these changes. The suggestion was made that the nutrient factor was 
probably complementary to the competition factor, since the presence of such 
diverse microbial forms as are encountered in soil may have resulted in a food 
shortage for the specific organisms; the production by the soil microflora of 
toxic or lytic agents active against the newly introduced forms should also 
be considered. The inhibition of Azotobacter in soils treated with K2HPO4 
in the presence of mannite, lime, and molybdenum was partially ascribed to 
the antagonistic influence of the large numbers of fungi, bacteria, and ac- 
tinomycetes which developed in the soils receiving the phosphate treat- 
ment (14). 

Antagonism is not, however, the only important characteristic of microbial 
activity in soil. There are innumerable associative reactions. In this con- 
nection mention need only be made of the combined activities of various groups 
of organisms in the mineralization of organic nitrogenous materials in soil with 
the production of ammonia and its oxidation to nitrates by the nitrifying 
bacteria; or of the liberation of sulfur from its organic combinations and its 
oxidation to sulfates. 

Pseudomonas fluorescens and F. culmorum even in soils which 

supported very large numbers of other microorganisms. This was particu- 
larly striking in the case of the bacterium in those soils which were treated 
with dried blood. It was not the reaction factor alone which was responsible 
for the survival oi Ps: fluorescens^ since the addition of CaCOs to Palouse soil 
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did not lead to as great persistence of the organism as did the addition of 
dried blood. The possibility suggests itself that during the decomposition of 
the dried blood, specific nutrients were liberated which could be used by the 
bacterium in much the same way as Azotobacter used mannite or glucose as 
specific energy sources, despite the large numbers of organisms which developed 
as a result of the addition of the carbohydrate (14). The soil microflora may 
supply food materials to Fs. jluorescens by decomposing the added organic 
residue. The same reasoning may hold for the persistence of F. culmomm 
in soils treated with aKalfa. Recent studies by Garrett (10) may be inter- 
preted in a similar manner. This investigator concluded that the resting 
mycelium of Ophioholus graminis disappeared most rapidly under conditions 
favoring maximum microbiological activity in soil. Yet this fungus persisted 
in soil treated with dried blood in spite of the very marked development of the 
general microflora in the same soil. Garrett suggested several explanations 
for this phenomenon, but it seems reasonable to conclude that an additional 
factor was concerned, namely, that the added organic material yielded de- 
composition products that were utilized by the organism, which was thus 
enabled to survive. 

The introduction of an organism into a soil involves important adjustments 
to the new habitat. If the organism adjusts itself partly at least as a result 
of soil amelioration, the inoculation experiment may be considered successful; 
if not, the organism will be markedly suppressed or eliminated. 

SUMMARY 

A number of typical soil bacteria, fungi, and actinomycetes were inoculated 
into five soils of varying organic matter content and pH values. All the 
organisms introduced into the soil decreased in number, three — Pseudomonas 
fluorescens, Fusarkm culmomm^ ocrA Actinomyces cellulosae — disappearing 
completely. 

An attempt was made to establish these three organisms in soils treated with 
alfalfa, straw, manure, and dried blood, with and without lime. Pseudomonas 
fluorescens usually persisted in largest numbers in soils to which dried blood or 
alfalfa was added. In acid soils, the correction of the reaction enabled the 
organism to survive. Fusarium culmomm survived most consistently in soils 
with added aKalfa but without CaCOg. Little correlation was noted between 
the persistence of Act, cellulosae and the treatments applied. The soils which 
harbored Ps. fl^wrescens and F, culmomm in greatest numbers were the most 
active microbiologically. It was suggested that these two organisms survived 
by virtue of their ability to utilize various decomposition products of the ma- 
terials which favored their persistence. 
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As early as 1888, Ebermayer (2) directed attention to the existence of 
“Alpenliumus/’ characterized by an accumulation of free organic remains and 
an alkaline reaction. At a later date, Ramann (6) described a similar type of 
humus, formed on calcareous outcrops in the Bavarian Alps at an elevation of 
about 4,000 feet. Ramann attributed the development of this type to the 
influence of a cool and moist climate and to the action of lime-bearing seepage 
water. Lang (4) has reported the occurrence of an alkaline raw humus 
originating from the litter of ericaceous plants above timber line in the dolo- 
mitic Alps. In spite of an alkaline reaction, this type supports cranberry, 
sweet broom, bilberry, and other plants found ordinarily on strongly acid 
soils. Wilde^ recently pointed out the occurrence of a somewhat similar type 
of alkaline raw humus on dolomitic limestone outcrops of Door Peninsula in 
northern Wisconsin. The results of a detailed investigation of this humus 
type are reported in this paper, 

AREA OF HUMUS OCCURRENCE 

Door Peninsula forms a part of the Niagara cuesta, an extensive upland 
bordering Lake Michigan. The Labrador ice sheet, in advancing over this 
formation, removed nearly all the residual soil from the higher portions and 
left deposits of glacial till composed chiefly of limestone material. Lacustrine 
clays were laid down during interglacial periods in the southern part of the 
peninsula. Outwash of calcareous sand was deposited in small areas. 

The elevation of the peninsula ranges from about 580 to 800 feet above sea 
level. The topography is rolling and is marked by numerous rock outcrops, 
escarpments, swamps, and a few lakes. 

Records of climate are available for a 32-year period at the Sturgeon Bay 
Station of the U. S. Weather Bureau, The mean annual temperature is 

^ Part of a thesis submitted to the faculty of the University of Wisconsin in partial ful- 
fillment of the requirements for the degree of master of science. Published with the permis- 
sion of the director of the Wisconsin Agricultural Experiment Station. 

2 The writer wishes to express his appreciation for the helpful suggestions and criticisms 
tendered by S. A. Wilde, under whose general direction the work was done. 

® Wilde, S. A. 1937 Selection of litter, duf and humus for use in forest nurseries. Wis. 
Agr. Col. in cooperation with Wis. Dept. Conserv. Mimeo. Tech. Notes No. 16, Madison, 
Wisconsin. 
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42.8''F., and the mean annual precipitation is 30.3 inches. About 50 inches 
of snow falls from November until April. The growing season averages 
nearly 150 days. The mean temperature of this period is 60°F. An average 
of 16 inches of precipitation is well distributed during the growing season. The 
mean annual relative humidity at the Green Bay Station is 75 per cent. Along 
the shores of Green Bay and Lake Michigan the relative humidity undoubtedly 
averages higher, but no data for these localities are available. 

The predominant soil type on the peninsula is a podzolic fine sandy loam 
with a mull humus (5) . True podzols with a matted raw humus and a strongly 
cemented hardpan have developed on areas of sandy outwash. Deposits of 
woody peat occur in depressions. The calcareous rock outcrops have a very 
shallow layer of weathered material covered with raw humus of alkaline re- 
action, or alkaline ‘‘mor’’ (1). 

The forest cover includes hard maple, basswood, beech, elm, white ash, 
red oak, balsam fir, white spruce, white cedar, and some white pine, red pine, 
and hemlock. The composition of forest stands and the ground cover on 
mull soils and podzols are typical of the Lake States region (10). 

Plate 1 shows profiles of the principal types of humus occurring within the 
area. 

MOKPHOLOGICAL, CHEMICAL, AND BIOLOGICAL CHARACTERISTICS 
OP ALKALINE RAW HUMUS 

The forest cover contributing to the development of alkaline raw humus is 
composed chiefly of northern white cedar {Thuja occidentalis) with some balsam 
fir {Abies balsamea) and incidental hardwoods. Common juniper {Juniperus 
communis depressa) occurs in openings. The ground cover is limited to the 
sporadic occurrence of saprophytic raw humus plants, such as Maianthemum 
canadense eLiidComus canadensis, 

A thin layer of litter is sharply delineated from the duff layer (F + H). The 
latter consists of dark brown matted remains of needles, leaves, and wood, 
chiefly those of white cedar. The total thickness of the duff varies from 4 
inches on upland areas to approximately TO inches on the lower slopes or in 
depressions of microrelief. In the lower portion the duff horizon grades into a 
narrow strip of nearly black, highly dispersed organic matter, powdery when 
dry and sticky when wet. This material is incorporated to some extent with 
weathered particles of limestone (Ai) and is underlain by an unconsolidated 
rock substratum. 

In sampling, the undecomposed litter was removed, care being exercised to 
obtain the purely organic portion of the humus. The number of samples used 
in different analyses varied from 2 to 10, but no attempt was made to accumu- 
late data sufficient for a statistical analysis. 

The reaction, determined by means of a glass electrode, showed a variation 
from pH 6,7 to pH 8.0 with pH 7.5 as the weighted average. Base-exchange 
capacity, determined by the ammonium acetate method, varied from 98 to 
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TABLE 1 

Av^fage contents of phosphorus and bases in duff layer of alkaline taw humus 
Per cent of oven-dry material 



P 

K 2 O 

CaO 

MgO 

Total analysis 

.125 

.004 

.115 

.038 

5.SS2 

2.140 

2.642 

0.281 

Soluble or replaceable fraction 



TABLE 2 

Proximate chemical composition of duff layers in alkaline and acid ratv humus types 
Per cent of dry material 


CONSTITUENTS 

ALKALINE EAW HUMUS 

ACID RAW HUMUS 

Ether-soluble fraction 

0.31 

3.63 

Hot water soluble fraction 

2.81 

5.67 

Alcohol- soluble fraction ...... 

2.47 

4.94 

tiemiceiluioses 

9.22 

7.26 

Cellulose 

2.65 

6.37 

Lignin 

38.52 

43.75 

Crude protein 

14.67 

11.72 

Ash 

14.46 

4.55 

Total accounted for 

85.11 

87.89 



Fig. 1. Relative Biological Activity oe Different Humus Types as Determined 
BY Caiibon Dioxide Evolution 
Mull; 2j Alkaline raw humus; 3, Acid raw humus 
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123 m.e. per 100 gm. Base saturation as a rule approached 100 per cent, but 
in some instances the content of replaceable bases exceeded base-exchange 
capacity because of free carbonates present in the form of calcareous dust. 

The percentages of total carbon and total nitrogen averaged 34.6 and 2.17, 
respectively, giving a C/N ratio of 15.9. 

The contents of total phosphorus, total bases, soluble phosphorus, and re- 
placeable bases are given in table 1. 

The degree of decomposition of alkaline raw humus was compared with that 
of an acid, hemlock raw humus (pH 4.5), collected near Chatham, Michigan. 
The results of fractionation analysis, according to Waksman and Stevens’ 
methods (8, 9), are reported in table 2. The low contents of ether-soluble 
material and cellulose in alkaline raw humus indicate that this type occupies 
an intermediate position between acid raw humus and lowmoor peat (7). 

As a measure of the biological activity, the carbon dioxide evolution was 
determined according to Heck (3) on alkaline raw humus, hardwood-hemlock 
duff of a mull nature, and acid raw humus. The determinations were contin- 
ued for six 48-hour periods. Figure 1 illustrates the relative biological activity 
of these types based on the milligrams of carbon dioxide released per gram of 
carbon contained in the original sample. 

The value of alkaline raw humus as a fertilizer has been previously reported 

( 11 ). 

SUMMARY 

A rare type of alkaline raw humus was found on calcareous outcrops of 
Door Peninsula in the podzol belt of Wisconsin. This type originates chiefly 
from, the remains of white cedar, balsam fir, and ground vegetation ordinarily 
associated with strongly acid soils. The dark brown, matted, peat-like duff 
layer varies in thickness from 4 to 10 inches. It grades into highly dispersed 
black organic matter, mixed with particles of limestone and underlain by a 
somewhat weathered rock substratum. 

The chemical composition of the duff horizon is characterized by an average 
reaction of pH 7.5, exchange capacity of about 110 m.e. per 100 gm. with 
base saturation approaching 100 per cent, and a C/N ratio of 15.9. A high 
content of total CaO (5.9 per cent) and a low content of available phosphorus 
(0.004 per cent) stand out among other analytical data. 

The results of fractionation analysis showed low contents of the ether-, 
water-, and alcohol-soluble materials and a very low content of cellulose (2.65 
per cent), but rather high contents of hemicelluloses (9.22 per cent) and lignin 
(38.52 per cent). These data suggest that, genetically, alkaline raw humus 
occupies an intermediate position between acid raw humus and lowmoor peat. 

In respect to biological activity, as determined by the carbon dioxide evolu- 
tion method, the alkaline raw humus lies between the acid hemlock raw humus 
and slightly acid hardwood-hemlock duff of a mull nature. 
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PLATE 1 

Profile Characteristics of Three Humus Tyres Found in Door 
Peninsula, Wisconsin 

1. Crumb mull on a slightly podzolized silt loam; 2. Acid raw humus on a podzol sandy 
loam with ortstein horizon; 3. Alkaline raw humus underlain by limestone bedrock. The 
monoliths represent sections 20 inches deep. 
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It has been shown by many workers (2, 4, 5, 7) that when soluble potash 
salts are applied to soils, a considerable part of the potassium is soon taken up 
by the soil colloids and held in an exchangeable form readily available to 
plants. In time, however, a large part of this added potassium is apparently 
transformed (3, 6, 13, 14, 16, 18, 21) into a nonexchangeable form difficultly 
available to plants. This potassium, so fixed that it cannot be replaced by 
ordinary methods of removing exchangeable ions, such as washing with neutral 
salt solutions and electodialysis, will be referred to hereinafter as “fixed 
potassium.’^ 

Experiments using permutite saturated with various cations as a substrate 
for plant growth were first reported by Nostitz (17). At approximately the 
same time, Joffe and McLean (15) used, in a similar manner, soils saturated 
with several cations. Gedroiz (5) and Joffe (12) more recently made extensive 
use of soils saturated with various ions as mediums for experimental studies of 
plant growth. Jenny and Cowan (9), Horner (8), Albrecht and McCalla (1), 
and Jenny and Overstreet (10) have studied the use of colloidal clay materials 
as nutrient substrates for plants. Recent work to account for the mechanism 
of potassium fixation has been reported, but little is known of the relative 
degree of availability to plants of fixed potassium. Indirect methods (3, 19) 
have been used, but it is thought that this paper constitutes the first report of 
an attempt to investigate directly the degree of availability to plants of fixed 
potassium. 

EXPERIMENTAL PROCEDURE 

This problem was investigated by growing tomato plants in sand cultures 
in some of which potassium fixed by bentonite was used as the sole source of 
this element. For comparison, other sources of potassium were used, including 
exchangeable potassium, potassium of untreated bentonite, and soluble po- 
tassium salts. Nutrients other than potassium were supplied as soluble salts. 
The growth responses, green and dry weights, and the potassium contents of 
the plants in each treatment were determined as evidences of potassium avail- 
ability. 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, department of 
plant physiology. 
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The potassium in a fixed condition was prepared as follows: 7S“gm. samples 
of Wyoming bentonite were treated with excess potassium chloride and then 
alternately dried at 100°C. and wetted. The excess potassium chloride was 
removed by treating each sample with 2,000 cc. of neutral (pH 7.0) normal 
calcium acetate. The samples were then treated with 200 cc. of normal cal- 
cium chloride and washed free of chloride. There then remained in the ben- 
tonite 9.2 m.e. of potassium per 100 gm. of the sample in fixed or unexchange- 
able condition. Calcium was used as the final replacing ion, since work by 
Gedroiz (5) indicated that plants were not injured in the presence of clays 
saturated with large quantities of calcium ions, as they were when clays 
saturated with some of the other common cations were used. 

To furnish potassium in exchangeable form, separate 7S-gm. samples of 
bentonite were washed with approximately 2,500 cc. of a neutral (pH 7.0) 
normal solution of potassium acetate followed by treatment with 200 cc. of a 
normal potassium chloride solution. The samples were then washed with 
distilled water until free of chlorides. As determined by the ammonium ace- 
tate procedure, the exchangeable potassium content of the bentonite samples 
so prepared was 76.6 m.e. per 100 gm. of sample. 

Two experiments were conducted simultaneously. They were essentially 
similar with respect to the nutrient treatments employed, but differed with 
respect to the manner in which the nutrient solutions were supplied to the 
cultures. 

In the first experiment, the nutrient solution was applied to the surface of 
the sand by the constant drip method of solution renewal after the manner of 
Shive and Stahl (20). Twenty-seven cultures were employed, comprising 
twelve different treatments. Each of the bentonite materials tested was used 
in concentrations of 1 and 2 per cent of the weight of the sand in each culture. 
In certain cultures no bentonite materials were used. Table 1 gives the plan 
of this experiment. Each culture consisted of a 6-inch nonporous porcelain 
glazed pot with 1,600 gm. of white quartz sand in which was incorporated the 
bentonite sample. The incorporation of the bentonite in the sand was done by 
mixing the sample with a sufficient quantity of the nutrient solution to form a 
thick but fluid suspension, which was then thoroughly mixed with the sand. 
The drainage hole in the bottom of the pot was covered with a small watch 
glass and then with 250 gm. of washed fine quartz gravel to facilitate free 
drainage. The sand employed was thoroughly washed with water and suc- 
cessively leached with 5 per cent hydrochloric acid, with 5 per cent ammonium 
hydroxide, and with distilled water. 

A total of 11,300 cc. of nutrient solution was supplied to each culture during 
the experimental period, which extended from December 17, 1937 to January 
24, 1938. Table 2 gives the composition of the solutions employed. In 
order to determine the availability of potassium from the bentonite materials, 
a quantitative balance sheet was kept of all potassium added to and recovered 
from one culture in each of the twelve different cultural treatments. These 
are designated as S or ‘‘standard cultures.’’ 


TABLE 1 

Experimental treatments of cultures grown with the constant drip tnethod of continuous solution 
supply and the total amount of excess solution escaping from each standard 


culture during the experiment 

COLTUEE 

TEEATMENT 

nutrient 

SOLUTION 

EXCESS 

SOLUTION 

' 1 S 

1 per cent untreated bentonite — witli plant 

-K 

CC, 

10,435 

19 

1 per cent untreated bentonite — with plant 

-K 


2S 

2 per cent untreated bentonite — with plant 

-K 

10,170 

20 : 

2 per cent untreated bentonite — with plant 

-K 


3 S 

1 per cent fixed K bentonite — without plant 

-K 

10,300 

4S 

1 per cent fixed K bentonite — with plant 

-K 

10,580 

21 

1 per cent fixed K bentonite — with plant 

-K 


22 

1 per cent fixed K bentonite — with plant 

-K 


5 S 

2 per cent fixed K bentonite — without plant 

-K 

10,275 

6S 

2 per cent fixed K bentonite — with plant 

-K 

10,350 

23 

2 per cent fixed K bentonite — wdth plant 

-K 


24 

2 per cent fixed K bentonite — with plant 

-K 


7 S 

1 per cent exchangeable K bentonite— -without plant 1 

-K 

10,560 

8 S 

1 per cent exchangeable K bentonite — ^with plant 

-K 

10,220 

25 

1 per cent exchangeable K bentonite — ^with plant 

■ -K 


26 

1 per cent exchangeable K bentonite— -with plant 

-K 


9S 

2 per cent exchangeable K bentonite — without plant 

-K 

10,190 

10 S 

2 per cent exchangeable K bentonite — with plant 

-K 

10,090 

27 

2 per cent exchangeable K bentonite — with plant 

-K 


11 S 

Sand only — with plant 

-K 

10,330 

16 

Sand only — with plant 

-K 


17 

Sand only— with plant 

-K' 


18 

Sand only — with plant 

-K 


12 S 

Sand only — ^with plant 

-l-K 

9,990 

13 

Sand only — with plant 

-fK 


14 

Sand only — with plant 



15 

Sand only — with plant 

+K 



TABLE 2 

Compositions of nutrient solutions expressed in volume molecular concentrations 


NUTEIENT SOLUTION SUPPLY 

TREATMENT 

MgHiCBOOs 

Ca(N03)2 

MgSOi 

MgO 

ElsiS04 

Constant drip (Experi- 

f Complete solution 

.00225 

.00450 

.00225 

.00083 

.001125 

ment i) 

\Minus potassium 

.00225 

.00450 

.00225 

.00083 




A Complete solution 

.00008 

.00125 

.00010 

.00003 

.000450 

Autoirrigation (Experi- 


Minus potassium 

.00008 

*00125 

.00010 

.00003 


ment 2) 


B Complete solution 

.00060 

1 .01000 

.00080 

.00022 

.001800 



Minus potassium 

.00060 

.01000 

1 .00080 

,00022 
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In the second experiment the nutrient solution was supplied automatically 
from a reservoir by means of porous clay autoirrigator cups ^‘^pIanted^^ in the 
sand in the pots and at a rate determined by the loss of water by transpiration 
from the plants. The orifices of the cups were fitted into rubber stoppers and 
connected by glass tubing to the nutrient solution reservoir slightly below the 
level of the cultures. The tension produced by the withdrawal of water from 
the sand by the plants caused the movement of the solution into the cultures. 
These are termed ^‘autoirrigated cultures.^’ The sand-bentonite mixtures were 
prepared in the same manner as were those in the first experiment except that 
2 per cent mixtures were employed throughout. The drainage holes of the 
pots were tightly closed with rubber stoppers. Evaporation from the surface 
of the sand was prevented by covering the pots with circular discs of paraffined 
cardboard fitted carefully around the stems of the plants and fastened to the 
pots. 

Table 2 gives the composition of the nutrient solutions which were used. 
This experiment extended from December 16, 1937 to February 21, 1938. 
Solution A was used until February 3, when it was replaced by solution B to 
provide a greater supply of nutrient ions. 

Except for one treatment in each experiment where a complete nutrient solu- 
tion was used, nutrient solutions lacking potassium were used throughout. 
To all solutions when applied were added sufficient quantities of boric acid, 
manganese sulfate, and ferrous sulfate to provide a concentration of i p.p.m. 
each of boron, manganese, and iron. 

Small 2-week-old Marglobe tomato seedlings selected for uniformity were 
used in both experiments. Systematic seed selection from the progeny of a 
single plant over a period of several years, in this laboratory, made for a high 
degree of plant uniformity. 

At harvest, the green and dry weights of the tops and roots of the plant in 
each culture were obtained. Considerable care was taken to free the roots 
from sand as far as possible. The weights of the roots were corrected when 
necessary for the weight of the sand found in the sample after drying. 

The potassium was determined as the cobaltinitrite (22). 

PRESENTATION OR DATA 
Constant drip method of solution renewal 

The loss of potassium from each of the standard cultures by way of the es- 
caping solution is given in table 3. The amounts of the escaping solutions are 
given in table 1. Although a solution lacking potassium was used in all the 
treatments in which bentonite materiab were used, the effect of the solution 
in releasing potassium from the variously prepared bentonite samples varied 
greatly. From culture 1 S to 6 S inclusive no potassium was released, with the 
exception of a trace from treatment 2 S. This indicates that the culture solu- 
tions did not displace the potassium either from the untreated bentonite or 


AVAILABILITY OF FIXED POTASSIUM TO PL^ANTS 


307 


from the bentonite containing fixed potassium. No potassium was found in 
the solution escaping from, treatment 11 S which was a control culture conta,in- 
ing no bentonite or other added potassium. 

A large proportion of the potassium originally present in cultures 7 S, S Sj 
9 S, a,nd 10 S, containing exchangeable potassium, was displaced by the solu- 
tion and escaped, as shown in table 3. The most rapid loss of this potassium 
occurred during the fi,rst two ^veeks of the experiment, when more than .nine- 
tenths of the total loss took place. Of the 480 mgm. originally present in 
exchangeable form in culture 7 S, 417.8 were displaced from the culture. 
Of the 960 mgm. present in culture 9 S, 911.2 were displaced and recovered in 
the drip. The absorption of potassium by the plants in cultures 8 S and 10 S 
accounts for the somewhat lower loss of potassium from these cultures than 
from cultures 7 S and 9 S respectively without plants. 

TABLE 3 


Potassium content of accumulated excess solutions escaping from each of the standard cultures 
in experiment i* collected on the indicated dates 


STANDASD CULTTOES 

2S 

7S 

8S 

9S 

10 s 

12 S 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

Dec. 23 

Trace 

211 A 

263.9 

463.3 

512.5 

159.6 

Dec. 29 


117.2 

104.2 

336.7 

308.9 

126.8 

Jan, 3 


21.1 

25.2 

55.0 

47.8 

96.6 

Jan. 10 


2.4 

10.5 

47.1 

32.2 

126.0 

Jan. 15 




9.1 

1.7 

124.5 

Jan. 24 




Trace 

Trace 

153.9 

Totals. 

Trace 

417.8 

403.8 

911.2 

903.1 

787.4 


^ No potassium was found in the solution escaping from culture IS, 3 S, 4 S, 5 S, 6 S, 

or ns. 


Potassium added as a constituent of the complete solution passed through 
culture 12 at a fairly uniform rate during the experimental period, as shown in 
table 3. Of the 901.9 mgm. of potassium added, 787.4 were recovered in the 
excess drip from this culture. Table 4 presents the balance sheet of this cul- 
ture with the additions in amounts of solution and potassium added and re- 
covered during the experiment. The amount of potassium passing through 
the culture represented 87 per cent of the total of 901.9 mgm. of potassium 
supplied to the culture during the experiment. The largest part of this differ- 
ence, amounting to 93.1 mgm. of potassium, was accounted for by the absorp- 
tion of potassium by the plant. The balance of 21.4 mgm. of potassium re- 
mained in the culture. 

It will be observed (table 5) that the green and dry weights and the potassium 
contents of plants grown with untreated bentonite and with fixed potassium 
were lower than those of the plants grown with the bentonite containing ex- 


TABLE 4 


Baiame sheet showing the quantities ojf complete solution and the amount of potassimn added to 
and recovered from culture 12 S at intervals throughout the experiment 


DATE 

SOLUTION ADDED 

POTASSIUM ADDED 
IN SOLUTION 

DHIP PASSING 
THROUGH CULTURE 

POTASSIUM 
RECOVERED IN DRIP 


CC. 

tngm* 

CC, 

mgm. 

Dec. 18 

1,750 

145.8 



Dec. 21 

960 

80.0 



Dec. 23 

600 

50.0 

1,900 

159.6 

Dec. 27 

480 

40.0 



Dec, 29 

1,750 

142.8 

1,580 

126.8 

Jan. 3 

1,120 

91.4 

1,230 

96.6 

Jan. 8 

1,300 

106,1 



Jan, 10 



1,500 

126.0 

Jan. 13 

360 

29.4 



Jan. 15 

1,750 

136.2 

1,500 

124. S 

Jan. 17 

610 

39.7 


..... 

Jan. 21 

620 

40.5 



Jan. 24 




2,280 

153.9 

Total. 

11,300 

901.9 

9,990 

787.4 


TABLE 5 

Green and dry weights and potassium contents of tomato plants grown in experiment 1 with the 
constant drip method of solution renewal 


CULTURE 

TREATMENT 

GREEN 

WEIGHT 

DRY WEIGHT 


u 

^ 

Mgg 



Tops 

Tops 

Roots 

Total 

J? ai W 
^ 
w 

iii 

H 



gm. 

gm. 

gm. 

gm. 

per 

cent 

mgm. 

1 S 

1 per cent untreated bentonite 

0.491 

0.0855 

0.0120 

0,0975 

0.11 

0.09 

19 

1 per cent untreated bentonite 

0.744 

0,1277 

0.0139 

0.1416 

0.26 

0.33 

2 S 1 

2 per cent untreated bentonite 

1.206 

0.1746 

0.0135 

0.1881 

0.19 

0.34 

20 

2 per cent untreated bentonite 

4.450 

0.5825 

i 

0.0380 

0.6205 

0.33 

1.91 

4S 

1 per cent fixed K bentonite 

0.373 

0.0745 

■ i 

0.0127 

0.0872 

0.12 

0.09 

21 

1 per cent fixed K bentonite 

0.572 

0.1023 

0.0199 

0.1222 

0.25 

0.26 

22 

1 per cent fixed K bentonite 

1 0.809 

0.1377 

0.0217 

0.1594 

0.26 

0.36 

6S 

2 per cent fixed K bentonite 

0.597 

0.1097 

0.0178 

0.1275 

0.35 

0.38 

23 

2 per cent fixed K bentonite 

0.721 

0.1289 

0.0175 

0.1464 

0.22 

0.28 

24 

2 per cent fixed K bentonite 

0.738 

0.il5l| 

0.0191 

0.1342 

0.36 

0.41 

*8S 

1 per cent exchangeable K bentonite 

8.150 

0.9801 

0.1400 

1.1201 

1.06 

10.37 

25 

1 per cent exchangeable K bentonite 

4.300 

0.5807 

0.0846 

0.6653 

0.73 

i,4.22 

26 

1 per cent exchangeable K bentonite 

2.550 

0.3500 

0.0589 

0.4089 

0.93 

3.24 

10 S 

2 per cent exchangeable K bentonite 

5.000 

0,6302 

0.0108 

0.6410 

0.69 

4.34 

*27 

2 per cent exchangeable K bentonite 

15.500 

1.4712 

0.2183 

1.6895 

2,.96 

43.61 

11 S 

Sand only —K 

0.488 

0.0832 

0.0187 

0.1019 

i' 0,:17 

0.14 

16 

Sand only —K 

0.540 

0.1016 

0.0251 

0.1267 

1 0.21 

0.21 

17 

Sand only ~K 

0.472 

0.0914; 

0.0185 

0.1099 

0.10 

0.09 

18 

Sand only — K 

0.396 

0.0793! 

0.0230 

0.1023 

0.11 

0.09 

12 S 

Sand only +K 

24.600 

1.9428 

0.2908 

2.2336 

4.79 

93.10 

IS 

Sand only -fK 

25.150 

1.8216 

0,2553 

2.0769 

4.91 

89.44 


* See text concerning these cultures. 
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changeable potassium. Neither the untreated ■ bentonite nor the bentonite ; 

containing fixed potassium provided available sources of potassium for the 
plants in these cultures. Figure 1, plate 1, shows representative plants in 
each treatment. 

Where exchangeable potassium was used, the plants made considerably more 

growth, and absorbed more potassium than where fixed potassium was used. 

The .results indicate that the potassium present in exchangeable form was 
readily available to the plants and that its displacement from the cultures by 
the nutrient solution during the first part of the experiment limited the growth 
of the plants in these cultures during the latter part of the experiment. This 
conciusionisborneoutby the growth of the plants in culture 27. Early in the 
experiment the drainage system of this culture became temporarily clogged, 
and loss of the bentonite material by leaching was materially retarded com- 
pared with that of the other cultures containing exchangeable potassium. The 
plant in this culture absorbed 43.61 mgm. of potassium during the experiment, 
compared with an absorption of only 4.34 mgm. by the plant in culture 10 S, 
which received the same nutrient treatment but in which free drainage oc- 
curred. A similar situation occurred but to a less marked degree in culture 
8 S. The relatively high potassium contents of the plants in cultures 27 and 
8 S are thus accounted for. 

Autoifrigation method of solution supply 

Plants grown in the autoirrigated cultures responded somewhat differently 
from those supplied with solutions dripped on the surface of the sand. Figure 
2, plate 1, shows the appearance on January 21, of one culture of each treat- 
ment in the autoirrigated experiment. Table 6 gives the green and dry weights 
and potassium contents of the tissues at harvest. The greatest growth and 
potassium absorption occurred in the cultures supplied with exchangeable 
potassium and with complete solution. The exchangeable potassium in cul- 
tures 5 and 6 was readily available and was rapidly absorbed by tiiese plants. 

This fact was emphasized fay their high potassium contents, which were 228.5 
and 250.8 mgm. respectively, exceeding the potassium contents of the plants 
in cultures 7 and 8, which were supplied with a complete nutrient solution. 

The fact that the potassium contents of plants supplied with a complete solu- 
tion were lower than those of plants supplied with exchangeable potassium is 
accounted for by the very low nutrient level of the solution used originally 
in the latter cultures. As noted previously, the nutrient level was increased 
on February 3 to allow a rate of growth more nearly corresponding to that 
obtained under the usual conditions of nutrient solution renewal No potas- 
sium was lost from the autoirrigated cultures by reason of the nature of the 
system of solution supply, in contrast with the loss of exchangeable potassium 
in the first experiment. The presence of exchangeable potassium in the cul- 
ture throughout the experiment accounts for the high content of this element 
in the plant tissues. 
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Root development in the autoirrigated cultures was excellent. Figure 3, 
plate 1, shows the comparative root development in the autoirrigated cultures, 
and in those where the continuous solution renewal method was used. The 
roots in the autoirrigated cultures were not so numerous or so slender as those 
in the cultures supplied with solution continuously dripped on the surface of 
the sand, but they appeared to be healthy and capable of functioning actively. 

Plants in cultures 1 and 2 absorbed the potassium of the untreated bentonite 
to some extent. At harvest their green and dry weights were comparable to 
those of cultures 7 and 8 grown with complete nutrient solution, although their 
potassium contents were much lower. 

TABLE 6 


Green and dry weights and potassium contents of tomato plants grown in autoirrigated sand cultures 


w 

TREATMENT 

NUTRIENT 

SOLUTION 

GREEN 

WEIGHT 

DRY WEIGHT 

1 § 
» 2 S 

o w 2 

si 
< « ^ 

►4 S o 

o 


Tops 

Tops 

Roots 

Total 

o s i 





Snt. 

gm. 

gm. 

gm. 

per 

cent 

mgm. 

1 

2 per cent untreated bentonite 

-K 

46.50 

5.1250 

1.0520 

6.1770 

0.69 

35.23 

2 

i 

2 per cent untreated bentonite 

-K 

37.00 

3.7800 

0.9252 

4.7052 

0.44 

16.55 

3 

2 per cent fixed K bentonite 

-K 

13.50 

1.7382 

0.3771 

2.1153 

0.44 

7.65 

4 

2 per cent fixed K bentonite 


13.00 

1.7336 

0.4138 

2.1474 

0.50 

8.67 

5 

2 per cent exchangeable K bentonite 


47.50 

5.5891 

1.2012 

6.7903 

4.09 

1 

228.48 

6 

2 per cent exchangeable K bentonite 

~K 

41.50 

4.7518 

0.7499 

5.5017 

5.28 

250.80 

7 

Sand only 

+K 

1 

41.00 

5.4386 

1.6671 

7.1057 

i 

' 1.77 

96.26 

S 

Sand only 

+K 

35.90 

4.9166 

1.7226 

'6.6392 

2.06 

101.09 

9 

Sand only 

-K 

2.50 

0.4308 

0.1103 

0.5411 

0.54 

2.32 

10 

Sand only 

-K 

3.05 

0.4969 

0.1026 

0.5995 

0.38 

1.88 


Plants in cultures 9 and 10, supplied with solution lacking potassium, were 
found to contain a total of only 2.32 and 1.88 mgm. of potassium respectively. 
An undetermined portion of this quantity of potassium was present in the 
seedling when the experiment was started. The remainder was apparently 
present as an impurity in the culture or nutrient salts used. 

The green and dry weights of plants in cultures 3 and 4 supplied with fixed 
potassium were lower than those of plants supplied with any other source of 
potassium. The potassium contents of the plants in the two cultures of this 
treatment were 7.65 and 8.67 mgm. per plant respectively. The difference 
between the potassium content of these plants and those in cultures 9 and 10 
grown without potassium and which averaged approximately 2 mgm. per plant 
leaves a difference of approximately 6 mgm. per plant which was absorbed from 
the 115 mgm. of fixed potassium originally present. Since no potassium was 
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detected in the excess solution lost from the cultures containing fixed potassium 
when the nutrient solution was continuously dripped through the sandy it 
may be concluded that the fixed potassium in cultures 3 and 4 (table 6) was 
made available to the roots to a slight extent as a result of some specific inter- 
action of the root and the substrate. The excretion of carbonic acid by the 
plant roots followed by an acid hydrolysis of the clay complex may possibly 
account for the consequent release of fixed potassium to a slight degree. 

The recent theory of contact exchange proposed by Jenny and Overstreet 
(11) for the mechanism to account for the absorption of adsorbed cations from 
bentonite clay materials might well explain the release of fixed potassium to 
plant roots. The plants were able to absorb considerably more potassium from 
the bentonite material both untreated and containing fixed potassium than w^as 
chemically exchangeable by the methods employed for ion displacement with 
these materials. 

It is interesting to note from the differences between the potassium absorbed 
by plants from cultures containing untreated bentonite and those containing 
fixed potassium (table 6) that the intermittent drying and wetting coincident 
with the preparation of the fixed potassium apparently converted a part of the 
potassium in the untreated bentonite to a fixed form not so readily available 
to the plants. 

SUMMARY 

Tomato plants were grown in sand cultures to study the availability of fixed 
potassium as compared with exchangeable potassium and to compare the avail- 
ability of these sources of potassium with that present in untreated bentonite 
and as a constituent of a complete nutrient solution. Fixed potassium con- 
sisted of that potassium undisplaceable by calcium ions after the alternate 
wetting and drying of potassium-saturated Wyoming bentonite by the methods 
described. Exchangeable potassium was prepared by saturation of the un- 
treated bentonite with potassium by the usual methods. The following is a 
summary of the more important results: 

Fixed potassium was utilizable by tomato plants to but a slight extent for growth. 

Fixed potassium was not nearly so readily available to tomato plants as was exchangeable 
potassium or the potassium of untreated bentonite. 

Fixed potassium became available to the tomato plants to a slight extent apparently by 
means of root action, perhaps either by carbonic acid excretion or by means of direct contact 
exchange between roots and the bentonite sample containing this form of potassium. 
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PLATE 1 

Utilization of Potassium by Tomato Plants 
Figs. 1 and 2. Comparative utilization by tomato plants of potassium from difterent 
nutrient sources: nutrient solutions applied by the constant drip method (fig. 1) and by 
autoirrigation (fig. 2). Treatments, left to right, minus potassium, 2 per cent fixed potas- 
sium, 2 per cent untreated bentonite, 2 per cent exchangeable potassium, complete nutrient 
solution." 

Fig. 3. Root systems of tomato plants growing in sand cultures supplied with complete 
solution by the constant drip method (left), and by autoirrigation (right). 



■ . ■ ■■■ ■■■■■■■■ .■ ■■ ■; 





THE ROLE OF POTASSIUM IN PLANTS: II. EFFECT OF VARYING 
AMOUNTS OF POTASSIUM ON THE GROWTH STATUS 
AND METABOLISM OF TOMATO PLANTS^ 
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A preliminary experiment by the author (15) in which tomato plants were 
grown in sand culture with 0, 45, 175, and 375 p.p.m. of potassium gave 
results that indicated that 45 p.p.m. was the optimum solution. Above this 
point growth and carbohydrate production seemed to decrease slowly, and 
below this point (i.e., with 0 p.p.m. of potassium) they decreased rapidly. 
In this preliminary investigation, the plants were not allowed to set fruit. 
Moreover, there was no evidence that 45 p.p.m. of potassium was the mini- 
mum amount of potassium which would produce normal growth under the 
experimental conditions. 

EXPERIMENTAL METHODS 

The scope of this investigation was extended, therefore, to include a num- 
ber of solutions which would contain amounts of potassium between 0 and 45 
p.p.m. In these experiments the plants were allowed to set fruit in order 
to approximate more closely field conditions. In view of the contradictory 
statements in the literature on the effects of potassium on plant metabolism, 
the nitrogenous, carbohydrate, and mineral metabolism of these plants was 
studied. The experiment was so planned that a progressive series of potas- 
sium-deficient plants would be obtained and that the effects of this progressive 
deficiency would be reflected in the metabolism. In this way, the effects of 
potassium on plant metabolism could be followed more accurately. 

Young tomato seedlings of the Rutgers variety which had been grown in 
pots containing good loam soil and selected for uniformity were washed free 
of soil and transplanted to glazed crocks containing washed white quartz 
sand. By means of a constant drip method, each crock was supplied with 
3| liters of nutrient solution every 24 hours. 

The plants \¥ere set in sand February 22, 1937. At this time they were 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, division of 
horticulture. 

® The author wishes to acknowledge the constant aid and advice of V. A. Tiedjens during 
the course of this investigation and to express thanks also to L. G. Schermerhorn for making 
facilities available and to the American Potash Institute for financial aid. 
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rather hard and contained abundant starch. They received no nutrient solu- 
tion for 1 week, and at the end of this period resembled typical minus-nitrogen 
plants. The seedlings were then divided into seven series, to which 0, 2.5, 5, 
li, 22, 45, and 175 p.p.m. of potassium were given respectively as K 2 SO 4 . 
Two plants were placed in a pot, 10 pots constituting a series. Five of these 
pots were then placed on the side of the greenhouse receiving the most light, 
and the remaining five pots were placed for the time being on the side receiv- 
ing inferior light. 

The composition of the nutrient solutions is given in tables 1 and 2. 

TABLE 1 


Partial volume molecular concentrations of the nutrient solutions 


SERIES 

NaH2P04 

K 2 SO 4 

Ca(NOj )2 

MgS04 

1 

.0045 

.00000 

.0090 

.0045 

2 

.0045 

.00004 

,0090 

.0045 

3 

.0045 

.00008 

.0090 

.0045 

4 

.0045 

.00015 

.0090 

.0045 

5 

.0045 

.0003 

.0090 

.0045 

6 

.0045 

.0006 

.0090 

.0045 

7 

.0045 

.0023 

.0090 

.0045 


TABLE 2 

Parts per million of ions in the nutrient solution 


SERIES 

K 

Na 

Ca 

Mg 

NOjasN 

PO 4 AS P 

SO 4 AS S 

1 

0 

103.5 

360 

108 

252 

139.5 

162 

2 

2.5 

103.5 

360 

108 

252 

139.5 

163 

3 

5 

103.5 

360 

108 

252 

139.5 

164 

4 

11 

103.5 

360 

108 

252 

I 139.5 

166 

5 

22 

103.5 

360 

108 

252 

139.5 

1 170 

6 

45 

103.5 

360 

108 

252 

139.5 

177.5 

7 

175 

103.5 

360 

108 

252 

139.5 

206 


The nutrient solutions differ only in potassium and sulfur content. Since 
it has been shown that the sulfate ion in concentrations above deficiency 
levels has little effect on plant metabolism (1), it may be assumed that potas- 
sium is the only limiting nutritional factor in this experiment. The growth 
and appearance of the plants in ail the series were noted at regular intervals. 
Microchemical tests for potassium and starch were also frequently conducted. 
Determinations of reducase activity were made, but yielded negative results 
in all cases. 

Half of the plants were harvested April 1, 1937, 38 days after being set in 
sand; the remaining plants were harvested May 24, 1937, 91 days after being 
set in sand. The times of harvesting were determined by the inception of 
‘^early” and ‘^extreme’’ potassium deficiency symptoms in the minus and low 
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potassium treatments. At both harvests, the heights of the plants and the 
fresh weights of the stems were determined. At the second harvest, ripe 
fruits were collected and weighed and their diameters taken. The fruits 
were kept in cold storage for one to two weeks before being analyzed. 

After the growth data were obtained, the plants were harvested and im- 
mediately prepared for analysis. The plants were cut in half, and four frac- 
tions, upper and lower blades and upper and lower stems, were taken for 
analysis. The leaf material was well minced, and the stems were sliced into 
small pieces. A portion of the plant material was dried, as recommended 
by Link (8), and used for the determination of total nitrogen, carbohydrate, 
and mineral fractions. 

For the determination of soluble nitrogen fractions, 100- to 200-gm. ali- 
quots of the fresh plant material were extracted with boiling water according 
to the procedure of Davidson and Shive (3). This procedure will hydrolyze 
the amide glutamine (14), and the glutamine nitrogen would be found in the 
ammonia fraction. Glutamine, however, is comparatively low in tomatoes 
where nitrates are the source of nitrogen (2). Total soluble nitrogen, nitrate 

N, ammonia N, amide N, and amino N were determined as described by 
Nightingale et al. (10). 

The dried material was ground to a fine powder in a ball mill. Total 
nitrogen, including nitrates, was determined by the Kjeldahl method on 

O. 5-gm. samples. Protein N was calculated as the difference between total 
N and total soluble N. Soluble organic N was calculated as the difference 
between total soluble N and nitrate N. 

Carbohydrate determinations were conducted on 0.5- to 1-gm. samples of 
the dried material. The samples were extracted with alcohol, and the alco- 
hol extract was cleared as described by Nightingale et al. (10). For the deter- 
mination of reducing sugars, 5-cc. aliquots of the cleared extract were used. 
Other 5-cc. aliquots were inverted with invertase, and total sugars determined. 
The determination of the reducing power was carried out by the method of 
Van der Plank (13). 

In the case of the fruits, aliquots of the hot water extracts were used for the 
determination of reducing sugars, total sugars, and fructose. The aliquots 
were cleared and treated in the same manner as the extracts of dried material. 

In all cases glucose was calculated as the difference between total reducing 
sugars and fructose, and sucrose as the difference between total sugars and 
total reducing sugars. 

The insoluble residue remaining after the alcohol extraction, was treated for 
starch and hemiceilulose, as described by Nightingale et al. (10). The re- 
ducing power was determined on 5-cc. aliquots by the method of Van der 
Plank (13). 

For the mineral determinations, 0.5- to 1-gm. samples were ashed in a 
muffle furnace at 600® C., and the ash was weighed. The ash was dissolved 
in 1-4 HCl, and potassium, sodium, calcium, magnesium, and phosphates 
were determined (16). 
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RESULTS 

Effect of nutrient treatments on plant growth 

After receiving nutrient solution for 14 days, series 1 and 2 began to show 
the initial symptoms of potassium deficiency. Many of these plants at this 
time were stunted, hard, and chlorotic and in general displayed all the symp- 
toms of ''early’’ potassium deficiency that were discussed in a previous paper 
by the author (15). Series 3 and 4 began to show similar symptoms after 
receiving the nutrient solution 20 days. Series 5 began to show slight symp- 
toms, as manifested by mottling of the leaves and a light green color, 27 days 
after receiving the nutrient solution. Series 6 and 7 showed no deficiency 
symptoms at the time of the first harvest, 27 days after all the series had 
begun to receive nutrient solutions. 

Microchemical tests for starch wure made at frequent intervals during this 
period. The results shown in table 3 indicate clearly that the onset of the 

TABLE 3 


Results of microchemical starch tests 


SERIES 

MARCH 17 

MARCH 24 

MARCH 29 

1 

XXXXX* 

xxxx 

XXX 

It 

XX 

0 

0 

2 

XXX 

xxxx 

XX 

3 

XX 

XXX 

X to XX 

4 

X 

0 

0 

5 

XX 

XX to XXX 

XXX ' 

6 

X 

X 

X to XX 

7 

X 

X 

X to XX 


* X indicates the degree of starch concentration found by microchemical tests, 
t Shaded side of greenhouse. 


initial symptoms of potassium deficiency was associated with an accumula- 
tion of starch. This accumulation occurred, however, only with plants 
situated in the half of the greenhouse that received the most light. The 
weather during this period of the experiment was cloudy, and, consequently, 
plants in the part of the greenhouse receiving the least light were growing 
virtually under winter light conditions. As shown in a previous paper (IS), 
carbohydrates do not accumulate in potassium-deficient tomato plants grown 
under such conditions; hence, no starch accumulation was found in such 
plants. All the plants for the first harvest were taken from the light side 
of the greenhouse. The plants on the darker side were then shifted to the 
light side and used for the second harvest. Since, as will be shown, the end 
result of potassium deficiency is to reduce carbohydrates to a low level, the 
plants thus shifted undoubtedly presented the same external and internal 
deficiency symptoms at the time of the second harvest as would the plants 
grown originally on the lighter side of the greenhouse. 
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As shown in table 3, the starch accumulation in series 1, 2, and 3 gradually 
decreased. Series 4 had, for some unknown cause, but little starch at any 
time. Series 5, 6, and 7 gradually increased in starch content, but at the time 
of the first harvest, only series 5 had any appreciable amount of starch. 
When the plants were harvested, the tomatoes of series 1 were just beginning 
to turn dark green, marking the beginning of the '^second’’ stage of potassium 
deficiency symptoms. 

The growth results at the time of the April 1 harvest indicate that 45 p.p.m. 
of potassium was the lowest amount of potassium which could be used to 
grow normal tomato plants under the experimental conditions. From these 
results, it would seem that a definite internal concentration of potassium 
must be maintained in the plant, or potassium deficiency will result. In 
solution culture, comparatively low potassium concentrations (0.5 and 2.0 
p.p.m.) have been found sufficient to maintain normal growth (6). Under 
such conditions the roots are constantly bathed in the nutrient solution and 
are able to absorb enough potassium from these dilute solutions to maintain 
normal growth. It is apparent, then, that sand culture conditions differ 
markedly from those of solution culture insofar as absorption of nutrients by 
the plant is concerned. 

The possible role of potassium as a catalyst in plant metabolism will be 
discussed more fully in the third paper of this series. It may be stated at 
this point, however, that the possible catalytic action of potassium is dis- 
similar to that of such elements as iron, boron, and manganese, which act 
in very small traces. Thin cross sections of tomato petioles were treated 
with sodium cobaltinitrite, the excess being washed off. The precipitate of 
potassium sodium cobaltinitrite was clearly visible under the microscope. 
The cross sections were then treated with ammonium polysulfide, which 
precipitated the cobalt as the black cobalt sulfide. 

Plants receiving 5 p.p.m. of potassium had a surprisingly high concentra- 
tion of this element, yet the deficiency symptoms came almost as soon and 
were as severe as those in plants which received no potassium and which on 
examination showed a very low potassium content. The series receiving 2.5, 
11, and 22 p.p.m. of potassium also had comparatively high concentrations of 
potassium. The complete series, 45 and 175 p.p.m., had higher concentra- 
tions of potassium than the deficient series, as was to be expected, but these 
concentrations were not so high in proportion as might be expected from the 
greater amounts of potassium present in the nutrient solutions of these series. 

At the time of the first harvest, April 1, there were but small differences in 
height between the potassium deficient plants and those which received 45 
and 175 p.p.m. of potassium, but the plants receiving the complete potassium 
treatment had in every case a much greater volume of growth. The leaves 
were larger and more numerous in series 7 than in series 1, 2, 3, 4, and 5. 
The stems in series 7 were much thicker than those of the various potassium 
deficient series. In striking contrast, however, were the plants in series 6, 
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which received 45 p.p.m. of potassium. Here the plants were not only greater 
in height, but also had a greater volume of growth than the plants in series 7. 

After the April 1 harvest, the plants were allowed to grow until May 24, 
1937. During this period the starch accumulation in the various potassium 
deficient series gradually disappeared. At the same time brown-red spots 
began to appear on the lower leaves. The edges of these leaves curled up- 
ward, and the leaves began to die progressively up the stem. At the final 
harvest, almost all the leaves on the series receiving 0 p.p.m. of potassium 
were dead. Approximately one-half to two-thirds of the leaves on plants 
receiving 2.5, 5, and 11 p.p.m. of potassium had died at this time, and 
approximately one-third of the leaves on the 22 p.p.m. series were dead. 

The minus potassium plants began to set fruit earlier than the other series, 
possibly because of the high carbohydrate-nitrogen ration then present in 
these plants. This condition has been postulated by Kraus and Kraybill 
(7) as necessary for the formation of fruit in the tomato. Relatively few 
fruits, however, were formed in the course of the experiment. As will be 
shown, the carbohydrate content of potassium deficient tomato plants falls 
to such low levels that the carbohydrate-nitrogen ratio is eventually very 
unfavorable for fruit formation. Many of the fruits in the minus potassium 
series dropped off, apparently as a result of the premature formation of an 
abscission layer. 

The plants in series 2, 3, 4, and 5 had a relatively large number of fruits, 
formed at the expense of the potassium and carbohydrates in the vegetative 
parts of the plants. Indeed the fruits in series 5 were as large as those in 
series 6. The plants receiving 45 p.p.m. of potassium at the May 24 harvest 
still exhibited optimum growth. Fruit was set far more abundantly than in 
any other series. On the other hand, the plants in series 7 had set very little 
fruit, in many cases much less than the potassium deficient series. These 
plants strongly resembled the high nitrogen, strongly vegetative, and sterile 
plants described by Nightingale, Robbins and Schermerhorn (11). The stems 
were very thick, and the volume of leafy material was very abundant. Ap- 
parently almost all the organic materials synthesized by these plants had 
been used for vegetative development. It would seem, then, that the carbo- 
hydrate-nitrogen ratio of these plants was very low. Chemical analysis of 
the vegetative parts of the plants of series 7 did not show this, since the 
enormous drain of carbohydrates from the vegetative parts of the tomato 
to the fruits did not take place in these plants. 

The growth of the plants supplied with varying amounts of potassium is 
shown in table 4A, and figure 1. The green weights of the stems and fruits 
and the diameters of the stems and fruits are shown in table 4B and figure 1. 
These results show clearly the influence of small increments of potassium, 
up to 45 p.p.m,, on the volume and quality of growth. After 27 days the 
plants in the various series showed only slight differences in height, with the 
exception of those in series 6, which were noticeably taller than the others. 
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Fig, 1. Total Height (Lett) and Green Weight oe Stems and Fruits (Right) of Tomato 
Plants Grown with Varying Potassium Concentrations — Second Harvest 

TABLE 4A 


Height of tomato plants grown with varying amounts of potassium 


SERIES 

1 

HEIGST OE PLANTS 

TOTAL GROWTH 
ON NUTRIENT 
TREATMENT 

1 day ' 

4 days 

12 days 

14 days 

20 days 

27 days 

82 days 


cm . 

cm . 

cm . 

cm . 

cm . 

cm . 

cm . 

cm . 

1 j 

22 \ 

25 

30 

33.5* 

36.5 

46 

130 

108 

2 

21 

25 

30.5 

33.5* 

39.5 

47.5 

127.5 

106.5 

3 

19 

22 1 

27.5 

28.5 

33.5* 

43 

120 

101 

4 

19 

22.5 

27.5 

29.5 

35.5* 

46 

135 

115 

5 

18.5 

21.5 

29 

30.5 

34 

43* 

142.5 

124 

6 

18.5 

22.5 

28.5 

31.5 

35.5 

50 

150 

131.5 

7 

17.5 

1 21 

27 

' 28.5 

31.5 

42 

1 

142.5 

125 


* First deficiency symptoms noted. 


TABLE 4B 


Average weight and diameter of stems and fruits of tomato plants grown with varying amounts 

of potassium 


SERIES i 

WEIGHT OE STEMS 

WEIGHT OE 
ERUITS 

DIAMETER OE 
STEMS 

DIAMETER OE 
ERUIT 

April 1 

May 24 

May 24 

May 24 

May 24 


gm . 

gm . 

gm . 

cm . 

cm . 

1 

16.4 

28.2 

1 52 

1.3 

5.1 

2 

21.7 

41.1 

1 80 

1.6 

■ 5.4 

3 

20.0 

38.9 

100 


5.8 

.4' 

22.6 

63.6 

1 98 

2.0 

1 5.8 

5 , 

20.0 1 

64.5 

112 

2.0 

6.8 

6 

33.4 

85.7 

1 113 

2.2 

^ 6.6 

7 

25.1 

85.3 

j 109 

2.4 
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After 91 days, the heights of the potassium deficient plants were much less 
than those receiving 45.p.p.m. From table 4A it may be seen that with the 
exception of series 1 and 3, increases in height of stems were shown with 
increasing additions of potassium up to 45 p.p.m. Further addition to 175 
p.p.m. of potassium showed a slightly depressing effect. 

The effects of potassium deficiency were even more marked on stem and 
fruit weights and stem and fruit diameters. The minus potassium plants 
in all cases showed the lowest values for the aforementioned data. An in- 
crease in potassium up to 22 p.p.m., with one exception, was associated with 
increased fruit weights; and up to 45 p.p.m., except for series 3, with increased 
stem weights. Plants receiving 22 p.p.m. exliibited smaller diameter and 
stem weight, while the fruits were about equal in size and weight to those 
receiving 45 p.p.m. The increase in size of fruit in this particular case took 
place at the expense of the vegetative organs of the plants receiving 22 p.p.m. 
Though the weights and diameters of the fruit in the series receiving 2.5, 5, 
and 11 p.p.m. of potassium were in general less than those in the more com- 
pletely fertilized series, there was not so much difference as in the corre- 
sponding stem weights and diameters. The drain on potassium deficient 
plants is much greater proportionately than the drain on normal plants. These 
results would seem to show, then, that the tendency in potassium deficient 
plants is to form fruits approaching normal size and weight at the expense of 
the vegetative portions of the plants. As will be shown, the potassium and 
carbohydrate content of the fruits of potassium deficient plants is surprisingly 
high; facts which verify the preceding statements. The explanation for 
such a process is very obscure, and cannot be supplied from the data of this 
experiment. 

The shape of the curves of total linear growth and of stem weights is of 
interest. The curves, in general, drop from 45 to 0 p.p.m. of potassium, 
and also, less sharply, from 45 to 175 p.p.m. Gassner and Goeze (4) have 
found similar results for carbon dioxide assimilation, transpiration, and chloro- 
phyll content. Their maximum point was at a potassium concentration in 
the neighborhood of 40 p.p.m. Wall (15) obtained similar results for total 
carbohydrate content in tomatoes in a previous investigation. 

Nitrogen metabolism 

Since most of the analytical data on nitrogen metabolism were obtained 
from fresh material, the results are presented on a green-weight basis.^ The 
ratio of soluble organic nitrogen to protein nitrogen was calculated in each 
case. This ratio is a convenient method of expressing the relative propor- 
tions of the two nitrogenous fractions; i.e., when soluble organic nitrogen 
was high, protein nitrogen was proportionately low, and when soluble organic 

3 The complete data for the nitrogenous fractions may be found in the author’s original 
doctoral thesis, “The R6le of Potassium in Plants/^ on file in the Rutgers University Library, 
New Brunswick, N. J. 
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nitrogen was low, protein was proportionately high. The leaves were high 
in protein nitrogen and comparatively low in soluble organic nitrogenous 
fractions. The reverse held true for the stem fractions. The fruits, however, 
were very low in absolute quantities of protein and soluble organic nitrogen. 

A decrease in the potassium concentration of the nutrient solution was 
associated with an increase in the plant of all nitrogenous fractions except 
nitrate nitrogen. Nitrate nitrogen in the very deficient potassium series (0, 
2.5, and 5 p.p.m.) tended to be lower in concentration than that in the series 
receiving more potassium. The effect of potassium concentration on the 
nitrogenous fractions in the plant was very striking. At the first harvest, 
the plants receiving 0, 2.5, and 5 p.p.m. of potassium showed an increase in 
total nitrogen and soluble organic nitrogenous fractions over those receiving 
11 and 22 p.p.m., which were similar to plants receiving 45 and 175 p.p.m. 
At the second harvest, 53 days later, the plants receiving 11 and 22 p.p.m. 
of potassium showed a higher total nitrogen and soluble organic nitrogen con- 
tent than those receiving 45 and 175 p.p.m. At no time was there any sig- 
nificant difference in nitrogen fractions between the two high potassium 
series. 

The upper portions of the plant, as mentioned previously, presented the 
same general trends as the lower portions of the plant. The curves for nitrog- 
enous fractions, drawn from data for the upper leaves and upper stems (fig. 
2), are therefore representative of the general trend of the nitrogenous frac- 
tions in the vegetative organs of the plant. The nitrogenous fractions in the 
fruit fluctuated, and no definite trends could be shown. 

The results in figure 2 show very clearly that increasing increments of 
potassium in the nutrient solution up to 45 p.p.m. were associated with a 
decrease in the concentration of nitrogenous fractions in the tissue and that 
beyond this point additional amounts of potassium had but little effect. 

-*«^The main effect of potassium deficiency was to increase the concentration of 
soluble organic nitrogenous fractions such as ammonia, amide, and amino 
nitrogen. Total nitrogen and protein nitrogen were also higher, on a per- 
centage of green weight basis, in the series showing potassium deficiency.. 
On a quality basis, the protein content fluctuated, being in some cases higher 
and in others lower than that of the high potassium series. 

The opinion has been expressed by Schmalfuss (12) and Gregory (5) that 
the high protein and total nitrogen contents of potassium deficient plants are 
in reality due to the small size of such plants as compared to completely 
fertilized plants. This tends to cause a comparatively low protein content 
to appear high on a concentration basis. 

The role of potassium in nitrogen metabolism of plants will be more com- 
pletely presented in the following paper of this series. The evidence pre- 
sented by the data of this experiment is largely indirect. Increases in potas- 
sium up to 45 p.p.m. will for some time keep the nitrogen concentrations close 
to that of completely fertilized plants. In time, however, concentrations as 
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higli as 22 p.p.m. of potassium were not sufficient to prevent the typical in- 
crease in soluble organic nitrogen associated with potassium deficiency. The 
increase in soluble organic nitrogen is usually inversely proportional to the 



upper Leaves--First Harvest Upper Leave s-Second Harvest 



Fig. 2. Nitrogenous Fractions oe Upper Leaves and Upper Stems oe Tomatoes Grown 
WITH Varying Potassium Concentrations 
T.N. = Total nitrogen; S.N. = soluble organic nitrogen; A = ammonia nitrogen; 

AM. = amino nitrogen 

potassium content, and if increase in soluble organic nitrogen content is to be 
taken as one of the typical internal symptoms of potassium deficiency, the 
lower values for this fraction found with increasing additions of potassium 
up to 45 p.p.m., should tend to prove that potassium does play a definite 
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role in nitrogen metabolism. This increase in soluble organic nitrogen 
may be due in the early stages to interference with the synthetic processes 
and may be accompanied later by rapid proteolysis. Moreover, carbohydrate 
accumulation was noted in the potassium deficient plants at the April 1 
harvest. This accumulation of carbohydrates was also inverse^ proportional 
to potassium content. This would seem to be direct proof that synthetic 
processes are involved, since carbohydrates will not accumulate unless some 
stage of nitrogen metabolism has been checked. 

For several reasons it is difficult to say, from the results of this experiment, 
precisely what stage of the nitrogen metabolism is affected by potassium 
deficiency. In the first place, the fractionation of the vegetative parts of 
tomato into upper and lower portions of the stems and leaves may lead to 
error, since the tomato plants vary greatly in composition from top to bottom, 
and furthermore in potassium deficient plants the tops are not affected to 
the same extent as the middle and bottom portions. Secondly, the proc- 
esses of synthesis and proteolysis of proteins are continually occurring, with 
the result that it is difficult to determine whether an accumulation of soluble 
organic nitrogen in potassium deficient plants is due to a primary decrease in 
synthetic processes or of secondary origin, due to the abnormally rapid hy- 
drol3^sis of proteins. Both processes may take place at the same time, thus 
further obscuring the issue. In the early stages of potassium deficiency, 
where ample carbohydrates are present, abnormally rapid proteolysis prob- 
ably will not take place. Since at this stage the plants receiving 0, 2.5, 
and 5 p.p.m. of potassium were showing definite increases in ammonia and 
soluble organic nitrogen concentrations in conjunction with an accumulation 
of carbohydrates, it may be concluded that some stage in the protein synthetic 
process was affected. The very great increases in soluble organic nitrogenous 
fractions at the second harvest are probably partly due to this check in syn- 
thetic processes, and partly due to rapid hydrolysis of proteins, for at this 
stage the carbohydrate content of potassium deficient tomatoes was very low. 

Carbohydrate metabolism 

Some of the results for the various carbohydrate fractions, on a dry-weight 
basis, are shown in figure 3.^ The curves are fairly representative of the trend 
of results in all the plant fractions except the fruits. Hemicellulose was de- 
termined, but is not presented, since in all cases this analytical fraction was 
very low. Fructose was found in large quantities in the fruits, but only ex- 
tremely small concentrations were found in the vegetative organs. Starch 
and reducing sugars were abundant in all vegetative parts of the plant, but 
sucrose was low in the leaves and somewhat higher in concentration in the 
stems. The stem of the tomato evidently acts as a storage organ, since car- 
bohydrate concentrations were much higher than in the leaves. 


^ For complete data refer to original thesis. 
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The effect of increasing amounts of potassium on the carbohydrate concen- 
trations in the plants was very noticeable. At the first harvest, the carbo- 
hydrate and dry matter content were in inverse proportion to the potassium 



Fig. 3. Carbohydrate Fractions of Lower Leaves and Lower Stems of Tomatoes 
Grown with Varying Potassium Concentrations 
St ~ Starch; R.S, = reducing sugar; T.S. — total sugar; T.C. = total carbohydrate 

concentrations supplied. The plants receiving very low potassium, 0, 2.5, 
and 5 p.p.m., had a much greater total sugar and a somewhat greater starch 
concentration than plants receiving 11, 22, 45, and 175 p.p.m. The plants 
receiving 11 and 22 p.p.m. of potassium were higher in carbohydrate content 
than those receiving 45 p.p.m. The plants receiving 175 p.p.m. had a rather 
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higli carbohydrate content at this time, but the carbohydrate results for this 
series must be discounted for both harvests, since the plants set very little 
fruit in comparison to the other series, and therefore, all the carbohydrates 
which would have been translocated to the fruits remained behind in the vege- 
tative organs. This caused series 7 apparently to have a very high carbo- 
hydrate content. 

At the second harvest, the results were reversed. Here the carbohydrate 
content tended to increase as the potassium concentration was increased up 
to 45 p.p.m. The total carbohydrate content of plants receiving 0, 2.5, 
and 5 p.p.m. of potassium was especially low, whereas that of plants receiv- 
ing 11 and 22 p.p.m. fluctuated, being higher in some parts of the plant and 
lower in others than that of plants receiving 45 p.p.m. The lower portions of 
the plants receiving 11 and 22 p.p.m, of potassium were much lower in carbo- 
hydrate content than the corresponding portions of plants which received 
45 p.p.m. If the experiment had continued longer, series 4 and 5 also would 
undoubtedly have shown a low carbohydrate content, since these plants 
were showing only moderately severe symptoms of potassium deficiency at 
the time of harvest. The upper portions of these plants, however, had a car- 
bohydrate content as high as or higher than that of the plants of series 5. 
This may have been due to the translocation of potassium from the lower to 
the upper regions of the plants of series 4 and 5. 

The fruits which were analyzed at the second harvest did not show the same 
trend of results. Here the fruits of plants receiving 0, 2.5, and 5 p.p.m. of 
potassium had a considerably higher carbohydrate concentration than the 
fruits of the other series. The series receiving 11, 22, 45, and 175 p.p.m. of 
potassium had approximately the same carbohydrate concentrations. 

The accumulation of carbohydrates in potassium-deficient tomatoes is an 
important but temporary phase in the metabolism of such plants and is 
undoubtedly due to interference with some stage in the synthesis of proteins. 
The fall in carbohydrate content in the later stages of potassium deficiency 
is more typical of potassium deficiency. 

The drain of the fruits on the carbohydrate reserves of low potassium plants 
serves to accentuate the effect of insuflicient potassium on the carbohydrate 
metabolism, but it apparently is not the cause of the low carbohydrate con- 
centrations in such plants. As in the case of the nitrogen metabolism, in- 
creasing increments of potassium up to 45 p.p.m. bring the carbohydrate 
metabolism closer to the optimum. Such a result is perhaps to be expected, 
for, as will be shown in another paper, the effects of potassium on the car- 
bohydrate metabolism are closely interrelated with the effects of potassium 
on the nitrogen metabolism of the tomato plant. 

Mineral metabolism 

Since all the mineral analyses were conducted on dried tissue, the data on 
mineral metabolism are reported on a dry-weight basis for the sake of con- 
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venience. Analyses for sodium were conducted but are not recorded, since 
few significant differences were noted. 



Fig. 4. Mineral Fractions of the Lower Leaves and Upper Stems of Tomato Plants 
Grown with Varying Potassium Concentrations 
T. A. = Total ash 

In general, the leaves of the tomato plants were higher in calcium, mag- 
nesium, and phosphorus but lower in potassium than the stems. The fruits 
were very low in ail minerals except potassium, which was proportionately 
higher. Calcium and magnesium were much higher in the lower leaves 
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than in the upper leaves. Such great differences however j did not exist be- 
tween the upper and lower stems. Potassium on the other hand, was gener- 
ally greater in concentration in the upper leaves and stems than in the cor- 
responding lower fractions. Total ash was always higher in the leaves than 
in the stems. The lower leaves were much higher in total ash than the upper 
leaves, whereas the upper stems were somewhat higher in ash content than 
the lower stems. 

The varying potassium concentrations had no effect on the general distribu- 
tion of minerals previously mentioned, but did affect the concentrations of the 
individual ions. The potassium concentrations, as might be expected, in- 
creased with increasing addition of potassium, but very little difference was 
shown by plants receiving 0, 2.5, and 5 p.p.m. of potassium. The concen- 
tration began to rise slightly when 11 p.p.m. of potassium was supplied, and 
rose more noticeably when 22 p.p.m. was supplied. The increments of 45 
p.p.m. and 175 p.p.m. gave rise to marked increments in internal potassium 
content. The failure of the very small increments of potassium supplied to 
produce corresponding increments in internal potassium concentration may 
be explained in two ways: first, the small increments in potassium in the ex- 
ternal solution cause a corresponding increment in the volume of growth, which 
keeps the concentrations of potassium approximately the same; second, al- 
most all the available potassium in the very low potassium plants is translo- 
cated in approximately the same concentrations to the fruits, the amounts 
remaining in the vegetative portions of the plants being too small for any 
definite differences to be shown. 

As mentioned previously, the fruits of all the series have a very high potas- 
sium content. In proportion to the concentrations of potassium in the 
vegetative organs, however, the concentrations in the fruits of the deficient 
series (0, 2.5, 5, 11, and 22 p.p.m.) are relatively higher than the concentra- 
tions in fruits of plants supplied with complete potassium (45 and 175 p.p.m.). 
This high drain on potassium reserves by the fruits, together with the fact that 
the constant absorption of potassium in the deficient levels cannot keep pace 
with the dilution effect of the increased volume of growth caused by such 
absorption, is responsible for the deficiency symptoms which appear in plants 
constantly supplied with 11 and 22 p.p.m. of potassium. It may also be 
postulated that potassium deficiency will tend to check the ability of the plant 
to absorb ions, and thus will increasingly reduce the absorption of potassium 
by the roots. Very probably, however, the ion-absorbing capacity of the 
roots of potassium deficient plants which are not actually dying is not di- 
minished, since the intake of other ions is actually increased in potassium 
deficiency. 

Phosphate content in general was decreased by the addition of increments 
of potassium in the external solution. Calcium showed the same trend in the 
stems but fluctuated somewhat in the leaves. Magnesium was not greatly 
affected by variations in potassium content, although trends similar to those 
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for phosphate and calcium were found in the lower leaves at the second har- 
vest. The increase in absorption of other ions in the absence of potassium is 
believed to be due to the high mobility of potassium, which when present 
will tend to repress the absorption of other ions (9). 

The higher ash content found with increasing potassium is undoubtedly 
due to the greater absorption of potassium and accompanying anions. The 
increase in absorption of other ions by potassium deficient plants is evidently 
not great enough to counterbalance the effect on ash weight by the increased 
absorption of potassium. 

The data for the lower leaves and the upper stems are shown graphically in 
figure 4. 

SUMMARY 

Rutgers tomato plants were grown at 0, 2.5, 5, 11, 22, 45, and 175 p.p.m. 
of potassium respectively. All the various series except those supplied with 
45 and 175 p.p.m. showed some degree of potassium deficiency. The severity 
of the deficiency symptoms was roughly proportional to the amount of potas- 
sium supplied. The growth data curves showed a rapid increase with in- 
crements in potassium supply until 45 p.p.m. of potassium was reached. 
Above this point the growth curves slowly declined. 

Two types of potassium deficiency symptoms were noted. The first stage 
appeared early in the course of the experiment, and was marked by a stunted, 
hard, yellow plant. In the second stage, the plants began to grow, turned 
green, and became soft. At the same time the lower leaves began to die pro- 
gressively up the stem. The first stage of potassium deficiency was associated 
with a high carbohydrate content in the low potassium plants. In the second 
stage, the carbohydrate content of these plants greatly diminished. The po- 
tassium deficient plants were characterized by a much higher soluble organic 
nitrogen and total nitrogen content than the plants receiving the complete 
solutions. The initial carbohydrate accumulation and final decrease, and the 
high soluble organic nitrogen content were most noticeable in the completely 
potassium deficient plants. As more potassium was supplied, the plants in 
the various series approached closer and closer to normal plants in carbo- 
hydrate and nitrogen concentrations. 

The potassium content of the plants slowly increased with increasing po- 
tassium up to 22 p.p.m. At this point increments of 45 p.p.m. and 175 p.p.m. 
of potassium caused sharp increases in the potassium content. Calcium, 
magnesium, and phosphates were generally higher in concentration in the 
low potassium plants. 
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111 connection with a detailed field and laboratory investigation of Dayton 
and associated soils, many data were obtained on concretions, which are a 
prominent feature of the Dayton soils. The results of this phase of the study 
are reported in this paper. 

The presence of a large quantity of concretions was recognized as a char- 
acteristic property of the Dayton soil in the first systematic description of 
that series appearing in the Soil Survey Report of Yamhill County, Oregon, 
in 1917 (4). It was mentioned that, in this soil (locally known as ''white 
land’’) of the poorly drained open prairie, "small brownish pellets of iron 
concretions are usually abundant in both the soil and the subsoil.” 

Recently it was found (5) in a morphological study of the Dayton soil 
that "the occurrence, in great numbers, of small well-rounded dark brown or 
black ferric concretions (ortstein) is a typical feature of this [Ag] horizon. 
The concretions range from those hardly visible to the naked eye to those 
about one-half inch in diameter and generally are firm enough to resist crush- 
ing, even by strong pressure. They appear in the soil from the top of the Ag 
horizon and are especially numerous in the A 2 lower subhorizon.” The Day 
ton soils were classified as an intrazonal glei-meadow podzol the morphology 
of which is "strikingly similar to that of the so-called 'solodi — an intrazonal 
soil found in the grassland belt (prairie and steppe) where it similarly occu- 
pies the depressed and poorly drained areas.” These soils are characterized 
by a very light gray, almost white, A 2 horizon, which ranges in thickness 
from about 8 inches to more than 2 feet. Material of this horizon usually 
has the texture of a silt loam, a rather crumbly consistence, and a weakly 
developed lumpy structure and is acid. The lower boundary of the A 2 is 
rather abrupt. Below this horizon is a very dark gray, very compact, clayey 
B, which averages 12 or 14 inches in thickness. Very sticky and almost 
impervious when moist, this material breaks into large, irregular, roughly 
prismatic clods when dried. The lower boundary of the B horizon is usually 
indistinct. It grades without a sharp line of demarcation into the lighter 
colored yellowish gray C, in which the percentage of clay gradually decreases 
with depth. 

These soils develop on poorly drained terraces of the Willamette River 
Valley in Oregon. The impervious character of the B horizon causes a water- 
logging of the upper horizons during the wet seasons, winter and spring, 
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UsuaEy such a condition exists during a continuous period of about 6 months 
annually. 

DISTRIBUTION OF CONCRETIONS 

The concretions are present throughout the A and B horizons of the Bay- 
ton soils; in the Ai and B, however, their number is not very large. They 
increase both in number and in size in the A 2 and especially in the central 
and lower parts of this horizon, then sharply decrease throughout the B both 
in number and in size. In the upper C the firm concretions are rather rare. 

The approximate amounts of concretions of various sizes found in different 
horizons of one profile of Dayton silt loam are presented in table 1. The 
results are expressed in per cent by weight of the whole soil. For this deter- 
mination, 200 gm. of air-dry soil was carefully rubbed in water until all non- 
cemented aggregates of the soil were dispersed. The fine material was re- 


TABLE 1 

Distribution of iron-manganese concretions in a profile of Dayton silt loam 


DIAilETER OF 
CONCRETIONS 

Ai 

0-2 INCHES 

Aa 

2-6 INCHES 

Aa 

6-10 

INCHES 

As 

10-14 

INCHES 

B 

14-18 

INCHES 

B 

18-22 

INCHES 

B-C 

30-34 

INCHES 

C 

42-50 

INCHES 

mm. 

per cent 

Per cent 

per cent 

Per cent 

Per cent 

Per cent 

Per cent 

per cent 

>2 

1.7 

3.0 

8.0 

6.0 

None 

None 

None 

None 

2.00-1.00 

0.75 

1.6 

2.5 

1.5 

1.1 

1.0 

.1 

None 

1.00-0.5 

0.75 

1.6 

0.5 

1.8 

1.1 

0.9 

.5 

.4 

0.5 -0.25 

0.3 

0.4 

0.2 

0.6 

0.6 

0.4 

.2 

.3 

0.25-0.1 

0.1 

0.1 

0.1 

0.4 

0.4 

0.2 

None 

.2 

0.1 -0.05 

0.1 

0.1 

0.1 

0.2 

<0.1 

<0.1 

None 

None 

Total 

3.70 

6.8 

11.4 

10.5 

3.2 

2.5 

.8 

.9 


moved by decantation, and the coarse material was washed, dried, and sepa- 
rated into the various sized fractions by sieving. A microscopic examina- 
tion of these fractions shows that the fine gravel fraction (2-1 mm.) consists 
entirely of concretions and that about 70 per cent of the coarse sand (1-0.5 
mm.), about 50 per cent of medium sand (0.5-0.25 mm.), and about 30 per 
cent of the fine sand (0.25-0.1 mm.) are also represented by the concretions. 
The quantity of concretions below 0.1 mm. size is uncertain. 

The quantities of concretions in different profiles vary to some extent, 
but a relative increase in percentage in the lower part of the A 2 is a common 
feature of all 28 profiles which were examined in the field. The quantity 
of concretions in the A 2 horizon of another profile was found to be 5 per cent, 
whereas in the B horizon of the same profile it was 2.6 per cent. The zone 
of concentration of concretions is usually just above the surface of the B 
horizon, although in many instances the concretions in the middle part of the 
A 2 are more numerous than in the lower part of this horizon. 

In the detailed study of the one Dayton profile it was noted that of the con- 
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cretions greater than 2 mm. the largest ones in the Ai horizon are about 
5 mm. in diameter; most of them are 2-3 mm. In the upper As, the largest 
are about 7 mm. and most of them are 2-3 mm., but a greater number than 
in Ai are larger than 3 mm. In the central and lower As, more than half of 
the concretions greater than 2 mm. in diameter are over 5 mm. The largest 
ones are from 10-15 mm. This general distribution of concretions of the 
various sizes has been observed in several profiles of tlie Dayton soil. 

Concretions larger than 2-3 mm. in diameter apparently do not form 
below the As, and even those about 2 mm. in diameter are few. Most of the 
concretions in the central part of the B horizon range between 0.5 and about 
1.5 mm., whereas in the lower part of B and in the upper part of C very few 
concretions are larger than 1 mm. in diameter. 

The firm concretions, in general, are rather rare in the C horizon. The 
upper part of the C of most profiles, however, is marked by minute dark 
brown or black specks. An examination of these under a magnifying glass 
indicates that they are formed by segregations of presumably the same ma- 
terial by which the firm concretions are cemented. It is possible that such 
soft segregations differ from concretions mainly in the lack of cementation. 

A diameter of about 0.1 to 0.05 mm. probably represents the lower limit 
of the size of concretions. Microscopic examinations of the finer soil sepa- 
rates do not show the presence of concretions of diameter less than 0.05 mm. 

The concretions in the A 2 horizon range in diameter from less than 0.1 
mm. to more than 15 mm. Usually they are somewhat irregular in shape, 
although they tend to be rounded. The larger ones are more irregular in , 
shape; some of them apparently are clusters of several smaller ones cemented 
together. The color of the concretions ranges from light brown to black, the 
large ones usually with a metallic blue luster in the kernel and a rusty or 
ocher-yellow shell around the black nucleus. Most of the concretions are 
very well cemented and difficult to crush, whereas some are less firm and 
crush even under moderate pressure. 

PREVIOUS INVESTIGATIONS 

Different kinds of concretions have been described in widely different types 
of soils. Wheeting (17) has studied the concretions in the shot soils of Wash- 
ington. Roberts (8) has found a large number of concretions in many soils 
of Puerto Rico. The Tifton soil series of southeastern United States is char- 
acterized by the presence of a large number of concretions throughout the 
solum. 

Concretions similar to those of tlie Dayton soil have been described by 
several authors. Some investigators regard them as a peculiar form of 
ortstein. Glinka (2) states that “ortstein of the clayey soils appears in the 
form of disconnected concretions which are rormded in shape and range 
in diameter from 1 or 2 millimeters to more than 1 centimeter.” Tumin 
(15) points out that the true ortstein develops in sandy soils only, whereas 
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the iron and manganese concretions form in heavy soils. Neither ortstein 
in the podzolic sandy soil nor concretions in the heavier podzolic soilsj how- 
ever, are always present. Both ortstein and concretions develop only in a 
certain environment. It is noteworthy that ortstein develops at the boundary 
between the As and B horizons, whereas concretions occur throughout the 
profile. Tumin concludes that the general facts regarding ortstein and 
concretions indicate that both form as a result of the reoxidatioii of certain 
compounds in the soil, 

Tumin reports also on the chemical composition of concretions from dif- 
ferent horizons of one profile of a podzol from the Smolensk province in 
Russia, He finds that concretions in the Ai horizon contain 18.12 per cent 
of Mn 304 , those in A 2 only 2.46 per cent, and those in the B horizon 5.06 
per cent. 

Popov (7) finds a rather common occurrence of ortstein concretions the 
size of a pea in the A 2 and occasionally in the B and glei horizons of the glei- 
podzolic soils and of the solodi soils in poorly drained depressions scattered 
throughout the Voronej steppe. A particularly large number of such dark 
rusty brown concretions was noted at the boundary between the A 2 or A 3 
and the heavy glei horizon. All soils described by Popov are fine-textured. 

Glinka ( 2 ) has analyzed the ortstein concretions and the soil material 
free of concretions of the A 2 horizon of a clayey podzol from Hungary. He 
reports that the concretions contain 14.49 per cent of Fe 203 and 12.93 per 
cent of MnO, whereas the soil material in which these concretions were found 
had only 2.88 per cent of iron oxide and no manganese. The percentage of 
calcium, magnesium, sodium, and potassium is greater in the concretions 
than in the soil, whereas silica and alumina are higher in the soil than in the 
concretions. Analyses by Gemmerling ( 1 ), quoted by Glinka, suggest the 
possibility of the presence of free alumina in the concretions. 

Zakharov (19), who has analyzed concretions of different sizes, reports 
that small concretions (1-1.5 mm.) contain 8.39 per cent of Fe 203 and 1.37 
per cent of Mn 304 , concretions of medium size ( 2-3 mm.) 7.78 and 1.82 per 
cent respectively, and the large ones (>5 mm.) 6.23 and 2.15 per cent. He 
concludes that with an increase in size of concretions the percentage of iron 
oxide decreases and the manganese increases. Zakharov finds also a con- j 

siderable amount of soluble silica in all the concretions. ; 

Joffe (3) gives a detailed account of ortstein formation, accompanied by an : 

exhaustive review of literature on this subject. He states that '‘another 
type of ortstein formation is the concretions, usually found in clay podzols, 
which appear at the bottom of the A 2 and on top of the B horizon. They con- 
tain variable amounts of humus, iron, and sometimes manganese. Their 
humus content is greater than that of the surrounding soil material.’^ : 

Tsukunaga (14) describes the iron concretions in certain Manchurian soils ' 

as spherical or elliptical concretions of concentric shelly structure. The larger 
concretions, which form mainly in the humus horizon, are dark brown to 
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nearly black on the surface and dark brown to yeUowish brown inside. This 
descnpton corresponds to that of the nodules formed in many bog and peaty 
• . sukunaga points out that some iron-fixing bacteria and the presence 
^nnms have played some part in the formation of these concretions. 
More recently Winters (18) has made a rather detailed study of concretions 

abundan/i SOI s m mois. He finds that, in general, concretions are most 
abundant m the surface horizons of poorly drained, Hght-colored sofis. The 
concretions are more or less spherical, reddish brown to nearly black, and 
range in diameter from less than 0.05 mm. to more than 10 mm. They were 
found to be much higher m manganese and iron than the soil in which they 
occurred. Segregation of manganese is especiaUy noted. Some concretions 
have more than 50 times as much manganese as the corresponding soil Win- 
ters reports from 3.6 to 11.5 per cent of MnaO, and from 14.0 to 24.3 per cent 
? o f. whereas the corresponding soil contained only from 

0.06 to 0.16 per cent of manganese and from 1.8 to 3.0 per cent of iron oxides. 

arger concretions were found to be higher in manganese than the smaUer 
ones, whereas an increase of iron with the diminishing size of concretion was 
consistent. Wmters notes also the concentricaUy layered structure of 
the concretions and an mclusion, within the concretions, of sand grains and 
o er soil material, which give the impression that the cementing material 
has been deposited in the pore spaces. ^ 


ANALYTICAL DATA 

The chemical composition of the profile of Dayton silt loam from which the 
concretions used in this investigation were separated is presented in table 2. 

he chemical composition of several individual concretions of various sizes 
aken from the central part of the A 2 horizon is given in table 3. The data 
s ow clearly the high concentration of iron and manganese in aU the concre- 
tons analyzed, whereas the percentages of the other constituents do not 

There are, however, signifi- 
rant d^erences in the percentage of iron and manganese oxides in concre- 
10 ns of different sizes. The large concretions (12 mm.) contain more than 
our times as much manganese but only about one-half to one-third as much 
iron as the smaUer ones (2 mm.). These data are similar to those reported 
by Zakharov and by Winters. They indicate a marked segregation of iron 
and especially of manganese oxides in the concretions, which contain from 
wo to more than four times as much iron oxide and from about 15 to more 
than 75 times as much manganese oxide as the whole soil material in which 
these concretions were formed. 

; ^ the percentage of iron and manganese 

m the Ai and horizons of this soil amounts to about one-half that in the 
B and C horizons. The A horizon in general and the Aa in particular repre- 
sent the zone m which most of the concretions are formed. The data in 
table 1 indicate that from one-half to about two-thirds of these concretions 
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are larger than 2 mm. in diameter. Because of the size and hardness of these 
concretions a considerable part is removed from the material taken for the 
usual chemical analyses, since only material which passes through the 2--mm. 
sieve is usually considered as soil. In this way a large part of the concre- 
tions, in which much of the iron and manganese is segregated, is removed 
from the soil before the analysis is made. This is one reason for the relatively 
low content of iron and manganese in the chemical analysis of the A horizon 
as compared to the B and C horizons. 


TABLE 2 

Chemical composition of Dayton silt loam 


LABOBATORY 

NUMBER 

HORIZON 

BERTH 

Si02 


FesOj 

CaO 

MgO 

KsO 

NaaO 

MnO 

ORGANIC 

MATTER 

IGNITION 

LOSS 

pH 



inches 

per 

per 

per 

per 

per 

per 

Per 

Per 

Per 

prr 





cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 


C-4226 

Ai 

0-2 

70.0 

12.1 

3.5 

0.90 

0.77 

2.04 

1.16 

.07 

5.60 

8.24 

4.8 

C-4228 

A2 

6-10 

71.8 

13.4 

4.3 

0.94 

0.88 

2.18 

1.28 

.06 

1.37 

3.97 

4.8 

C-4229 

A 2 

10-14 

70.3 

14.3 

4.8 

0.89 

1.03 

2.00 

1.23 

.08 

0.85 

4.13 

4.8 

C-4231 

B 

18-22 

60.7 

18.2 

8.4 

1.39 

1.86 

1.35 

0.85 

.15 

0.48 

5.96 

6.3 

C-4233 

B-C 

26-30 

60.9 

17.2 

8.1 

1.98 

2.02 

1.44 

1.08 

.13 

0.35 

5.70 

7.2 

C-4236 

C 

42-50 

62.7 

17.3 

7.0 

2.09 

2.04 

1.84 

1.25 

.13 

0.17 

4.35 

7.0 


TABLE 3 

Chemical composition of iron-manganese concretions from the horizon of Dayton silt loam 
(Laboratory number of sample C-4228, depth 6-10 inches) 


DIAMETER OP 
CONCRETIONS 

SiOs 

Al20* 

FesOj 

CaO 

MgO 

MnO 

IGNITION 

LOSS 

mm^ 

per cent 

per cent 

per cent 

per cent 

Per cent 

Per cent 

per cent 

12 

62.5 

12.3 

8.4 

.56 

1.13 

4.50 

4.93 

12 

60.8 

12.5 

9.4 

.86 

1.03 

4.80 

5.32 

6.0 

56.6 

12.6 

13.3 

.57 

0.85 

3.79 

5.80 

6.0 

62.6 

12.6 

10.9 

.69 

0.98 

1.91 

4.86 

2.0* 

55.9 

12.3 

17.8 

.69 

0.82 

1.01 

6.25 

2.0* 

45.8 

15.6 

25.4 

Not determined 

1.48 


1* 

59.2 

15.5 

15.2 

Not determined 

0.38 



* Average for a group. 


In order to obtain more definite information on this point, the percentage 
of manganese was determined on the Dayton soil with all concretions present, 
and also on samples from which all the concretions were removed by sedimen- 
tation of a water suspension of the soils. The data given in table 4 show 
that the percentage of MnO in the Aj, Aj, and B horizons of the soil con- 
taining all the concretions is .09, .24, and .15 respectively, whereas these 
same horizons free of concretions contain .05, .04, and .03 per cent of MnO. 
The percentage of MnO in these three horizons with only concretions greater 


iron-manganese concretions in oayion so^Tjf "”'^9 

than 2 mm. in diameter removed is .07, .06, and .15 respectively. These 
data mdicate also that about three-fourths of the total manganese in the 

oneWirf 2 mm. in diameter and about 

one-toird of the remamder is m concretions smaUer than 2 mm. 

he percentage of MnO in concretions of various sizes and from different 
orizons of the same profile is also presented in table 4. These data confirm 
tile previous conclusion regarding the higher concentration of manganese 
m the large concretions as compared to the smaUer ones. Such a tendencv 
is evident in every horizon taken individually but not when certain sized 
concretions of the horizon are compared with those of the same size in another 

TABLE 4 

Percentage of MnO in corwretions of different sizes and in the whole soil wUh and without 

r.mtjrrfif/tnaoio l. , 



LABOBATORY 
NUMBER 
OR SAMPLE 

HORIZON DEPTH 


DIAMETER OF CONCRETIONS 

O 

H 

55 

O 

25 w 

12 mm. 

6 mm. 5-4 mm. 2 mm. 

mm. 

• Ol 

WHOLE SOIL INCLUl 
ALL CONCRETIONS 

SOIL WITHOUT ANY 
CRETIONS 

SOIL WITH CONCRET] 
LARGER THAN 2 
REMOVED 


inches 






C-4226 

Ai 0-2 


0.88 .34 

.09 

.05 

.07 

C-4227 

Aa 2-6 1 


1.90 1.54 .66 





1 


1 1.86 






4.50 

3.78 2.50 1.48 

0.38 .24 

.04 

.06 

C-4228 

Aa 6-10 ] 

4.80 

1.91 1.76 1.01 

0.56 





4.62 

1-82 1.60 






3.20 

2.58 




C-4231 

B 18-22 ( 


5.71 

3.33 .15 

.03 

.15 


1 


5.71 

3.08 

1 




horizon. Concretions 2 mm. in diameter from the B horizon contain more 
MnO than the 12-mm. concretions from the Aj. Similarly the 1-0.5-mm con- 
cretions from the B contain more manganese than the 6-nim. concretions 
trom the Aj, and the 2-mm. concretions from the As more than the 4-5-mm. 
concretions from the Ai. These data indicate another tendency, namely, 
mcrease of concentration of manganese in concretions of the lower horizons 
in the sto. Since concretions larger than 2 mm. in diameter do not form 
m the B horizon, only the smaller concretions can be compared in the dif- 
ferent horizons. The 2-mm. concretions from the B were found to contain 
more than three times as much manganese as the concretions of simUar size 
in the Aa. The 1-0.5-mm. concretions from the B contain more than six 


- 


m 


i 
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times as much MnO as those from the Ag. The 4-5-mm. concretions from 
the Ag contain' more than twice as much MnO as do the similar concretions 
from the Ai. 

The percentage of FegOs in concretions of various sizes and from different 
horizons is presented in table 5. These data indicate that the percentage of 
iron oxide in the concretions increases with a decrease in size, to a certain 
limit. The 2-mm. concretions from the Ag contain from two to three times 
as much iron oxide as the 12-mm. ones and about two times as much as the 
6-mm. concretions. The content of iron in the very small concretions (<1 

TABLE 5 


Percentage of Pe%Oi in concretions of different sizes and in the whole soil without large concretions 
in different horizons of Dayton silt loam 


LABORATORY 
NUMBER OR 
SAMPLE 

HORIZON 

DEPTH 

DIAMETER OP CONCRETIONS 

WHOLE SOIL 
WITHOUT 
LARGE 
CONCRE- 
TIONS 

12 mm. 

6 mm. 

4-5 mm. 

2 mm. 

<1 mm. 



inches 







C-4227 

A 2 

2-6 



17.0 

24.8 





[ 

! 8.4 

13.3 


1 25.4 

15.2 

4.3 

C-4228 

A 2 

6-10 1 

9.4 

10.9 


17.8 





i 

9.2 






C-4231 

B 

18-22 




23.0 

20.8 

8.4 


TABLE 6 

Percentage of free iron oxide and toted iron oxide in concretions from different horizons 


LABORATORY NUMBER ! 

HORIZON 

DIAMETER OP 
CONCRETIONS 

TREE FeaOs 

TOTAL FesOs 

C-4227 

A 2 

mm. 

4-5 

16.8 

17.0 

C-4228 

A 2 

2 

24.5 

25.4 

C-4231 

B 

2 

20.0 

23.0 


mm.), however, is lower than that in the 2-mm. ones. The data, in general, 
are in agreement with those reported by Zakharov. They are, however, 
too meager for any definite conclusions regarding the iron content in concre- 
tions of similar size from different horizons. The percentage of FegOs in 
the 2-mm. concretions from the Ag and the B is about the same. 

From the general appearance of the concretions, there is little doubt that 
the iron is present for the most part as the free oxide. For confirmation 
of this, the free iron oxide was determined on several samples of concretions 
by the sulfide method (13). The data, presented in table 6, show definitely 
that almost all the iron is present in the free oxide form. 


IRON-MANGANESE CONCRETIONS IN BARTON SOILS 


341 


Samples of the concretions treated with hydrogen peroxide effervesced 
vigorously, indicating the presence of considerable manganese dioxide. Also 
it was found that sulfur dioxide dissolved almost all the manganese from 
the concretions. This is added evidence that the manganese is present in 
the concretions as the dioxide or possibly as Mn 304 . 

GENERAL DISCUSSION 

The data presented in tables 2, 3, 4, and 5 show an uneven distribution 
of iron and manganese throughout the horizons of the Dayton soil and a 
concentration of these elements in concretions. Such a concentration is 
particularly marked in the A 2 horizon, especially as regards manganese. The 
causes of this concentration and the formation of concretions are not yet 
known. It is almost certain that the cementation of soil particles in the form 
of concretions is produced by a segregation and precipitation, in certain spots, 
of iron and manganese oxides, but the causes of the mobilization and con- 
centration of these oxides have not as yet been sufficiently explored. Tsu- 
kunaga (14) and Nikiforoff (5) have suggested the possibility of mobilization 
of iron and manganese by colonies of certain iron and manganese micro- 
organisms. 

Formation of iron-manganese concretions apparently is a typical feature of 
certain poorly drained soils which are subject to permanent or seasonal water- 
logging. Virtually all these soils are characterized by the strong develop- 
ment of glei. Much of the iron in these soils presumably is in the ferrous 
form, whereas the iron in the concretions is undoubtedly ferric. Local bio- 
chemical oxidation of ferrous and manganous compounds into the less soluble 
ferric and manganic compounds might be one of the causes of their fixation 
in the form of concretions. 

Omeliansky (6) says: 

There is a special group of bacteria, so called iron bacteria, which utilize comparatively 
large quantities of iron salts as a source of respiration. . . . Iron bacteria most frequently 
are present in bogs, ponds, and lakes, the water of which always contains ferrous iron, usu- 
ally ferrous bicarbonate ... in the poorly drained meadows this species might develop to 
such an extent that the water acquires a rusty color . . . Manganese, together with iron, is 
an important constituent in the life of the soil. Special microorganisms are responsible for 
the migration of this element in soil. 

Waksman (16) points out that ^Various microorganisms are capable of ex- 
tracting iron from solution and collecting it on their surface in the form of 
ferric hydroxide.’’ He also refers to Beijerinck, who “described several 
fungi and bacteria which are capable of oxidizing manganese carbonates to 
oxides of manganese. Microorganisms also oxidize manganese salts of or- 
ganic acid to manganese carbonates.” Thiel (12), from an experimental 
study of the precipitation of manganese by microorganisms, concludes that 
“fungi that precipitate manganese from organic and inorganic salts of the 
metal are present in peat bogs, loamy and manganiferous soils and iron spring 
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slimes/^ He has found also that sulfate-reducing organisms grown under 
anaerobic conditions on solid culture media precipitate brown granules of 
manganese around the colonies and that various types of iron bacteria precipi- 
tate manganese as rapidly as iron. 

It is possible that iron and manganese, after being oxidized and cemented 
into a solid grain, become unavailable for the microorganisms, and the 
developing colony, therefore, is forced to extract its supply of these elements 
from the surroimding media. It is also possible that a local precipitation of 
iron and manganese at the points of formation of the concretions disturbs 
the uniform concentration of these elements in the solution throughout the 
matrix, and the restoration of equilibrium results in movement of these 
compounds by diffusion toward the points at which the concentration has 
been reduced because of precipitation. In this way a concretion could grow 
until it was limited by the pore space or possibly a concentration of toxins 
terminated the development of the colony. If this is the case, then the 
concentrically layered or sheUy structure of concretions reported by Tsukunaga 
and Winters can be explained by alternation, probably seasonal, of the periods 
of growth and of the dormant stages of the colonies. 

It should be mentioned here that a large number of concretions from the 
Dayton soil Were examined, but the concentric layers reported by other 
investigators were not very evident. Except for a thin outer coating, the 
concretions were either a uniform dark color or irregularly splotched with 
yellow and brown. An occasional concretion from the B horizon, however, 
did show a concentric layering, but this was not typical of the concretions 
in general. 

W. 0. Smith suggests^ the possibility of segregation of iron and manganese 
from the solution, due to physical forces operating in the soil during its drying. 
According to his view (11), the large pores are freed of water first in the 
drying soil, and consequently the soil material that still remains saturated 
with water is broken into areas separated from each other by the drier soil 
with a more open pore space. As drying of the soil proceeds, the water front 
of each saturated area recedes toward the points inside this area with the 
smallest pore space. This can be accompanied by an increased concentra- 
tion of the dissolved material, such as certain salts of iron and manganese. 
It might lead to an uneven distribution of these compounds throughout 
the soil and to an ultimate precipitation and oxidation of them in the form of 
concretions at the points of final desiccation of the soil. Added weight is 
given to Smith’s suggestion by the fact that most concretions form in the 
Aa horizon, which is waterlogged during the rainy seasons and dries during 
the dry summer periods. 

Robinson (10) has found a high concentration of iron and manganese 
bicarbonates in the soil solutions of submerged soils. He attributes this to 


^Private communication. 
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microbiological action on organic matterj which produces carbon dioxide 
along with other gases. In another paper (9) in discussing manganese dioxide 
in soils, he refers to several investigators who have found that manganese 
dioxide can absorb manganous salts from solution, changing them into the 
insoluble dioxide. 

Taking the various suggestions and experimental data into account, the 
following hypothesis for the formation of concretions in Dayton soils is pro- 
posed: The soil solution under submerged conditions contains a high concen- 
tration of ferrous and manganous bicarbonates as a result of waterlogging 
and microbiological action on organic matter. As the soil dries, the iron and 
manganese is precipitated and oxidized to the oxides on the surface of the 
mineral grains at the points with the smallest pore space. The nuclei may 
be formed also through precipitation by microorganisms. Once the nuclei 
of ferric oxides and manganese oxides are formed, the concretions can grow 
from year to year by absorbing and oxidizing the ferrous and manganous 
salts at their surface. 

Whatever the origin of the concretions, their formation indicates segre- 
gation of iron, manganese, and probably some other elements from the soil 
solutions. The composition of concretions in general may be unlike in differ- 
ent soils, but the general process of formation may be the same. This proc- 
ess can be regarded as a horizontal mobilization and segregation of certain 
compounds within the horizons. It can be contrasted with the process of 
vertical translocation from one horizon of the profile into another. The mag- 
nitude of segregation in the Dayton soil, especially that of manganese, indi- 
cates that in certain instances a horizontal mobilization may affect a large 
part of the mobile compounds in the soil. This process, therefore, should be 
given careful attention when the movement or translocation of soil compo- 
nents is considered. 

In soils such as the Dayton or any other characterized by the presence 
of concretions of this type, the factors affecting horizontal mobilization ap- 
parently exert a greater influence than the factors of leaching, i.e., leaching or 
vertical translocation apparently is exceeded by the forces which tend to 
retain the mobile compounds within the horizons. If this is true, then eluvi- 
ation and illuviation may not be the main processes leading to the develop- 
ment of the general profile. 

In conclusion, it should be emphasized that if concretions greater than 2 
mm. are removed from soils before analyses are made, the interpretations 
made from these analyses may be erroneous. The A 2 horizon of the Dayton 
soil, for example, contains 0.06 per cent of MnO after removal of concretions 
greater than 2 mm. The B horizon contains 0,15 per cent, which might in- 
dicate vertical translocation of the manganese. With all concretions present, 
however, the A 2 horizon contains 0.24 per cent MnG, and this gives an en- 
tirely different picture of the movement of the manganese. 
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SUMMARY 

The distribution and composition of concretions in Dayton soils were in- 
vestigated. These concretions range from about 0.05 to about 15 mm. in 
diameter and are present throughout the A and B horizons. The A 2 horizon 
contains the greatest number and the largest ones. In the profile examined 
in detail, over 11 per cent of the middle part of the A 2 horizon consists of 
concretions, most of which are greater than 2 mm, in diameter; the Ai contains 
about 4 per cent, and the B about 3 per cent. Very few of the concretions 
in the B horizon are greater than 2 mm. in diameter. Firm concretions in 
the C horizon are rare. 

The concretions contain a much higher percentage of iron and manganese, 
which are present as free oxides, than does the whole soil. The amount of 
FeaOs in the concretions ranges from about 8 to about 25 per cent, and MnO 
from less than 0,5 to almost 6 per cent. This is two to four times as much 
Fe 203 and up to 75 times as much MnO as is contained in the soil. 

The concentration of MnO is higher in the larger concretions than in the 
smaller ones and also higher in the lower horizons of the solum than in the 
upper. 

The percentage of FesOs in the smaller concretions is greater than that in 
the larger ones, except in the very small concretions (<1 mm.), which contain 
less iron than the slightly larger ones. 

Certain biological, physical, and chemical factors which probably are in- 
volved in concretion formation are discussed. 

The local segregation of MnO and Fe 203 within each horizon is distin- 
guished from the vertical migration from one horizon to another. The sig- 
nificance of this distinction relative to soil genesis is emphasized. 
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It has been known for many years that the pore space of a soil directly 
controls the movement of air and of water in the soil, which in turn directly 
affects other soil properties and plant growth. The amount of percolation, 
and therefore of leaching and erosion, is related to the porosity of the soil, 
other factors being equal. No direct relationship has yet been found, how- 
ever, between the total porosity and other soil properties or plant growth. 
In spite of this fact, the most common methods of measuring the pore space 
measure the total rather than the effective porosity. 

Because of the relationship between the nature of the pores and the freedom 
of air and water movement in the soil, it would seem desirable to be able to 
measure the effective pore space as well as the total. 

It has been the purpose of this investigation to develop a method by which 
the size distribution of the effective pores in the soil might be measured, and 
to study the relationship of this distribution to the rate of percolation of water 
through the soil. The method is a practical application of the theoretical 
discussion by Keen (15) of the relation of the capillary forces to the pore 
size. 

Since this investigation was started (August 1937) some other papers (4, 
8) which are closely related to the material presented here have come to our 
attention. 

REVIEW OE LITERATURE 

The most common method of determining the pore space of the soil is by 
calculation from specific gravity-volume weight determinations (18). 

The method of determining the absolute specific gravity is unquestioned, 
but there is undoubtedly considerable error in the volume weight measure- 
ments. The most common methods of determining the volume weight, or 
apparent specific gravity, may be divided into two groups: those that measure 
disturbed soils, and those that measure soils in their natural state. The 

^ Submitted as paper No. 108 of the Technical Series, department of agronomy, North 
Carolina Agricultural Experiment Station, in cooperation with the Soil Conservation Service. 
Submitted by Ross W. Learner to the Graduate School of North Carolina State College in 
partial fulfillment of the requirements for the degree of master of science. 

2 Junior soil technologist, Soil Conservation Service, and associate professor of soils, 
North Carolina State College, respectively. 

347 


348 


ROSS W, LEAMER AND J. f . LUfZ' 


methods used in the first group obviously do not give a picture of the soils 
in their natural field condition. The methods in the second group are criti- 
cized because the pressure used to force the tube into the soil causes, es- 
pecially in heav>^ soils, appreciable compaction of the soil ahead of the tube. 
This compaction is largely overcome by the use of cylinders of larger di- 
ameter (13). 

In order to overcome the compaction of the soil which is encountered in the 
soil-tube method, the paraffin-immersion method was developed (23). De- 
terminations at depths to 6 feet have been made by the use of an ordinary 
soil auger which removes a weighed amount of soil from a hole of measured 
volume. Various methods have been used in measuring the volume of the 
hole. Beckett (2) used a very viscous oil; Curry (7) used a screened, purified 
sand of known volume weight; Israelsen (13) inserted a very thin walled 
elastic-rubber tube into the auger hole and measured the amount of water 
required to fill the tube. 

In an oven-dried soil the pore space will contain only air; under natural 
conditions, however, the pore space of the soil contains both air and water. 
The relative amounts of air and of water present will depend upon certain 
physical-chemical characteristics of the soil (1, 3, 10, 17, 19, 22). Chief 
among these are the texture, structure, and hygroscopicity. We know from 
general observation that a soil containing a large percentage of clay will tend 
to be only slightly permeable to air or water, whereas a sand will usually be 
open and well drained (10). Mathews (19) found that the permeability of 
the gumbo soil of the Belle Fourche irrigation project varied markedly with 
the initial water content and the structural condition of the soil. On the 
whole, it is safe to say that rapid percolation or good drainage goes parallel 
with coarse granular structure, although the dominant influence of this coarse 
structure can be entirely overcome by a very small amount of dispersed 
colloids, or other fine material, placed in certain positions (3). 

The structure of the surface is not the only factor that influences the rate 
of percolation of water. In fine-grained soils which are underlain by a non- 
porous stratum, the surface may be sealed by rain water and air trapped in 
the profile. Continued percolation by capillarity then results in the develop- 
ment within the soil of an air pressure of considerable magnitude, and this 
pressure appreciably alters the rate of percolation. It follows that an im- 
permeable lower horizon may be effective in retarding percolation before it 
has been reached by the percolating water (24). Lutz (17) observed that the 
physical nature of the B horizon, which is usually the limiting layer in per- 
meability, determines largely the amount and rate of percolation. 

Measurements of the rate of percolation of water through the soil profile, 
to be of any practical value, must be made on soils in their natural field condi- 
tion. It has been found (24) that even field cores do not yield satisfactory 
results unless large numbers are studied under conditions that take into 
account the seasonal and other variations to which they are subject. Percola- 
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tion rates are of much importance because of the influence they have on the 
erosion of soil* Other things being equal, the soil having the higher rate of 
water penetration will have the lower amount of surface run-off, and conse- 
quently less erosion. 

Because water movement must take place through the soil pores, the type, 
rate, and amount of movement will be related to the characteristics of the 
pores. According to the dominance of the moving force, the type of water 
movement may be divided into that which moves in the larger pores under 
the influence of gravity, and that which moves in the smaller pores under the 
influence of capillary forces. The rate of downward movement is determined 
by the size and characteristics of the pores. Slater and Byers (24) observed 
that the field passageways, such as root channels or structural cleavages, are 
more important than the character or volume of the pore space in deter- 
mining the percolation rate. 

In studying the relationship of the pore space to the rate of permeability, 
Dojarenko* divided the pores mto “capillary” and “noncapiUary” pores’ 
two terms suggested by Schumacher.® The line of demarcation between the 
two sizes is, however, rather vague. The noncapillary pore space is defined 
as the sum of the volumes of the large pores which will not hold water by 
capillary forces but which will permit the percolation of water; and the capil- 
lary pore space, as the sum of the volumes of the small pores that hold water 
by capillary forces. The sum of these two is obviously the total pore space. 
The capillary pore space is determined by measuring the amount of water 
that a soil sample will absorb when in contact with a saturated filter paper or 
other such material. Dojarenko assumed that, for optimum plant growth, 
50-55 per cent of the total pore space should be noncapillary under the con- 
ditions prevalent in the moist regions of Russia; whereas Kwasnikow® cal- 
culated that it should be between 35-iO per cent for the black-earth soils. 
Krause (16) has summarized the condition by saying that “By exceeding a 
certain minimum noncapillary pore volume the biological activity of the soil 
expires from a lack of air and by exceeding a maximum it dies from a lack 
of water.” 

The capillary pores do not have a significant influence on the rate of infil- 
tration, although there is some water movement through them. They are 
of extreme hydrological importance, however, in that they are responsible 
for the water retained in the soil after the excess mobile water has drained 

away. 

Green and Ampt (10) and others have found that with certain limitations, 
both the Poiseuille and the Meyer-Poiseuille formulas for capillary flow of 
liquids through capillary tubes can be applied to soils. Their calculations 
were made, however, on soils saturated with water, a condition which is found 
only when dealing with the downward flow of water after a heavy rainfall or 


3 Cited by Krause (16). 
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following irrigation. Normally, air occupies the noncapillaiy pores, water 
the capillary. 

In order to eliminate some of the many variable and complex factors influ- 
encing the movement of water in a soil, an ''ideal soiF’ has been used for study 
(15). "Glistening Bew,’' a trade product consisting of minute spheres of 
considerable uniformity, has been found to be as satisfactory as anything 
available. As it is impossible to obtain perfect arrangement in any random 
packing, it may be assumed that the effective pore space, in a sufiBiciently 
large cross-section, is essentially continuous and of practically uniform 
dimensions. 

When a system of uniform spherical particles is placed in contact with a 
free water surface, the water spreads over the surface of the lower particles, 
and wherever two particles come into contact, a ring of water which takes 
the shape of a wedge is formed. The surface tension of the water tends to 
reduce the free surface to a minimum by drawing in more water from the 
adjacent particles. As more water is attracted to the wedge, the rings around 
the point of contact so enlarge that they join to form a triangular pore which 
will tend to be reduced in diameter until the pore is entirely filled, provided 
its dimensions are not too great. The net result of this process, which takes 
place at numerous points of contact throughout the mass, is to draw water 
from adjacent regions, and, by successive displacement, eventually from the 
ground water itself. Equilibrium is established when the pressure head is 
sufficient to balance the soil moisture tension. This combination of the 
simple capillary-tube hypothesis and the one originated by Briggs (5) is 
reported by Keen (14) as depicting the mechanism of water ascent in the 
ideal soil. The whole process is based on the fact that liquid tends to reduce 
its free surface energy and, consequently, its exposed surface, to a minimum. 

In a soil which contains particles of varying size, there will be a correspond- 
ing variation in the effective dimensions of the pore spaces. With this in mind, 
it is evident that a soil column can be regarded as a collection of capillary 
tubes distributed over a certain range of effective diameter. Thus, if the 
texture of the soil is not too coarse, one can expect to find in successive planes 
above the ground water level, (a) complete saturation, (b) complete satura- 
tion of smaller pores and incomplete saturation of the larger ones, and finally, 
(c) a region of incomplete and decreasing saturation in the smaller pores. 
This would result in a decrease in the moisture content with height above the 
water level, a condition which has been reported several times (9, 11, 12, 
14, 22). 

The same fundamental forces are effective in an actual soil that are active 
in an ideal soil. Briggs (5) pointed out many years ago that the underlying 
physical factors concerned in the capillary movement of moisture are the 
surface tension and the coefficient of viscosity of the liquid, together with the 
geometrical configuration of a rather complex three-phase soil mass. 

From the foregoing discussion, it appears that permeability would be af- 
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fectcd by the fluid used and also by the extent to which the capillaries are 
modified by adsorption of the fluid. Green and Ampt (10) presented data 
which show that modification does occur probably in two ways: (a) by the 
moisture in the soil restricting the area of the capillaries through which the 
air is passing, and (b) by the swelling of the humus, clay, or other colloidal 
material in the soil when wetted. It is evident that any increase in the 
volume of the soil mass due to swelling will result in a decrease in the air 
capacity of the soil. As the swelling increases, and as the films of moisture 
over the particles become thicker and thicker, they are held less and less 
tightly. If a film is subjected to an increase in pressure, it will tend to lose 
water to that portion of the soil where a lower pressure is exerted by surface 
forces. If there were no loss by evaporation from either section of soil, the 
forces acting on the two would soon come to equilibrium and no more water 
movement would take place. It is not necessary for two portions of a soil 
to contain the same amount of water to be in equilibrium; for example, a sand 
will lose water to a clay soil which has much more moisture as expressed on 
a percent-by-weight basis. In studying the tensions developed by these 
forces in soils, Richards (20) has used the term ‘‘capillary potential.’' Capil- 
lary potential differences have the same relation to the flow of moisture in 
the soil as voltage differences have to the flow of electricity in wires, or as 
pressure differences have to the flow of water in pipes. 

The method to be described for determining pore size is based on the capil- 
lary forces in the soil. 

PROCEDURE ~ 

In his theoretical discussion, Keen (15) suggested the use of a Biichner 
funnel connected to a burette-manometer to measure the pore size of a soil. 
By adjusting the height of water in the burette in small steps, a given series 
of suction values, or pressure deficiencies, could be produced. By noting the 
changes of volume of water in the burette, it was possible to follow changes 
in moisture content with changes in suction. This setup may be satis- 
factory for very low tensions; but it was found that, at higher tensions, the 
larger pores allowed air to pass through the soil mass, and the tension could 
not be maintained. To prevent this free movement of air through the larger 
pores, the soil was placed on a porous plate. This plate was sufficiently por- 
ous to permit water to move through it freely, but the pores were sufficiently 
small to prevent the water from being sucked out of them until a relatively 
high tension had been reached. In principle, the apparatus as finally used 
bears a close resemblance to that described by Richards (20). 

It was found advisable to use a suction pump to obtain the tensions in pref- 
erence to differential leveling of water columns, because of the height to which 
the levels would have to be raised. This change necessitated the introduc- 
tion of a control valve by which the tensions could be maintained at any 
desired level. Here again a modification of an apparatus suggested by Rich- 
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ards (21) was used. A section of a Pasteur-Cliamberland filter (.4, fig. 1) 
was inserted in the mantle of a Berkfeld filter (B) and connected through the 
ends by means of glass tubing and rubber stoppers. The tube from one end 
was connected to a closed-tube manometer (C), the other j to the burette (D), 
which in turn was connected into the base (E) of the apparatus. A tube from 
the glass mantle was connected to a water suction pump (F), which was 
controlled automatically by means of a solenoid valve (G), Because it was 
necessary to change the amount of mercury in the closed-tube manometer for 
difierent pressures, it was found desirable to read the pressures on another 
manometer (fif). 



For low tensions, mercury was added through the T-tube at the top of the 
automatic valve (Z) ; and for higher tensions, it was removed through a stop- 
cock (/). When air was removed from the glass mantle, a pressure gradient 
was built up between the pressure in the system and that in the mantle. 
This pressure gradient tended to be reduced by the movement of air from the 
rest of the system through the porous cylinder into the mantle. As the air 
was removed from the system, the mercury rose into the porous cylinder 
until it was entirely filled. At this point, as no more air could escape through 
the porous cylinder, the system remained at the desired tension. If air leaked 
into the system, the mercury fell in the clay cylinder, and the above process 
was repeated. This system was found to be very satisfactory, as it was pos- 
sible to limit the variation from the desired tension to 1 or 2 mm. of mercury. 

The burette was placed in the near-horizontal position in order to eliminate 
the necessity of correcting the tension for tYtiy increment of change in the 
amount of water in the burette. 

A continuous water connection was made from the water in the burette to 
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the water in the soil through the base (E) of the apparatus and the porous 
plate (/{■). 

Samples were collected in their natural field condition by using a soil- 
sampling tube similar to the one described by Coile (6). It was found that 
the most satisfactory results were obtained if the tube was forced into the 
soil horizontally by placing an automobile jack against the opposite side of 
a hole of the depth of the desired sample. As the samples were collected, the 
cylinders containing them were placed in quart ice-cream containers, taken to 
the laboratory, and weighed. 

At the start of a determination the cylinder and sample were reweighed 
and clamped in the base of the apparatus, and the sample was saturated from 
the bottom. In order to facilitate the saturation, it was found advantageous 
to apply a tension of about 6 inches of mercury to the top of the sample; 
in the sand samples a lower tension was more desirable. When the sample 
was completely covered with water, the suction was released, the sample was 
allowed to drain until just saturated, and the amount required for saturation 
was noted. The meniscus in the burette was then set at the 100-cc. mark, 
and the regulator was set for a very low tension. As soon as the soil had come 
to equilibrium with this tension, as evidenced by a constant burette reading, 
the amount of water removed was recorded and the tension increased. This 
process was repeated in steps of increasing tensions until air began to be 
sucked through the soil into the system. The sample was then removed 
from the apparatus and weighed. The amount of water remaining in the 
soil was determined by drying at 105® C. and reweighing. The plate in the 
apparatus was allowed to saturate again, and the total amount of water re- 
moved from the soil was determined by the final burette reading. 

The volume of the cylinder not occupied by the soil was determined by 
pouring a weighed amount of mercury on the top of the sample and then 
measuring the amount of water required to fill the cylinder. Subtracting this 
from the volume of the cylinder gave the volume of the sample. It was 
found that, in compact samples, it was possible to pour the mercury on top 
of the soil; but with the more open samples, as the mercury would enter the 
larger pores or cracks, it was necessary to use a very thin sheet of rubber to 
cover the soil surface. 

In order to eliminate the complicating factors introduced by the colloidal 
material in actual soils, pure sand was separated into the various-sized group- 
ings for testing the apparatus, the theory, and making the initial deter- 
minations. 

RESULTS 

The first determinations were made on sand separates. Each separate 
was placed in the sampling tube of the apparatus, saturated from the bottom, 
and a determination made according to the procedure outlined for soils. The 
results obtained are shown in figure 2. The coarse sand was found to be 
too coarse to give satisfactory results. 
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In all cases, the amount of water required to saturate completely the sam- 
ple from the oven-dr}’^ condition was taken as the total pore space of the 
sample. This method gave results which checked to within 0.6 per cent of 
the results given by the specific gravity-volume weight method. The volume 
weight was determined after the porosity determinations had been made as 
outlined. 

All calculations in this work are based on the capillary-rise formula, 
2s 3 

h = , which becomes , where d is the diameter of the pore in milli- 

r p K 

meters and A is the amount of tension expressed in centimeters of water with 
which soil water is in equilibrium. By the use of this formula, it is possible 



Fig. 2. Soil Moisture Tension and Percolation Curves for the Several 

Soil Separates 


to calculate the diameter of the pores emptied by any given tension. Meas- 
uring the volume of water removed from the soil by any given tension gives 
the volume of pores of the size indicated by that tension. The calculations 
are facilitated by plotting the tension as a function of the percentage satura- 
tion with water. The volume of pores between two sizes can be calculated 
from the volume of soil core and the degree of saturation at the two tensions. 
By this procedure, it is possible to determine the size distribution of the 
pores which are effective in allowing percolation. 

The striking result to be noticed about these sand curves is that the largest 
percentage of the water was removed from any one sample over a very small 
range of tension. This fact indicates great uniformity in the diameters of 
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Fig. 3. Pore-Size Distribution in the Several Soil Separates 


13 A inches per hour; and the silt only 2.95 inches per hour. This relationship 
is shown in figure 2. 

In order to show the differences between soil types, determinations were 
made on a Cecil clay subsoil obtained near Raleigh, North Carolina, and on 
an Iredell clay subsoil from a near-by area. The data for these two samples 
are presented in figure 4. 

It will be seen from these curves that the Iredell has a very small amount 
of pore space large enough to be drained by the tensions capable of being 


the pores in these materials. The slope of the curve increases slightly as the 
fineness of the material increases, indicating a greater range of pore diameters 
as the material becomes finer. The individual pores, however, become smaller 
as the material becomes finer. The actual distribution is shown in figure 3. 
By making a permeability determination on each of these materials, a close 
connection was found between the sizes of the pores and the permeability. 
The medium sand allowed water to percolate through it at a rate equivalent 
to 175 inches per hour; the fine sand, 53.1 inches per hour; the very fine sand, 
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developed by the apparatus. On the other haiidj 50 per cent of the pore 
space of the Cecil was shown to be larger than 0.021 mm. in diameter. This 
difference between the two soils is apparent in the characteristics of the soils 
under natural conditions. The Iredell is recognized as a very impermeable 
soil. Laboratory determinations on the permeability of the Iredell subsoil 
showed that no water percolated through the sample under a head of half an 
inch of water; it was found that a tension of 6 inches of mercury was necessary 
to draw water through the sample in any appreciable amounts; and even theiij 
the movement was very slow. Similar determinations made on the Cecil 
showed that it permits 1.86 inches of water to percolate per hour under a 



Fig. 4. Soil Moisture Tension Curves oe Cecil and Iredell Subsoils 

head of half an inch of water. This is in agreement with field observations, 
for the Cecil is fairly well drained and well aerated. 

DISCUSSION 

Other than external forces, which are considered constant in this discussion, 
the forces affecting water in the soil may be grouped into two classes: (a) 
those exerted by the soil particles on the water, and (5) those within the water 
itself. 

The first group includes those forces which attract the water to the soil 
particles and tend to prevent its free movement from one place in the soil 
to another. Because the measurements dealt with in this paper, however, 
are of effective rather than total porosity, these forces, and the water held 
by them, are concerned only indirectly. 
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Tlie important forces in the second group are surface tension and viscosity. 
Under isothermal conditions, these forces will not change in the soil unless 
some external factor is brought to bear upon the water. If, therefore, ex- 
ternal factors can be controlled, it is possible to apply the capillary-rise formiila 
to the water in the soil, since the same forces are active in the soil that are 
active m capillary tubes. Richards (20) pointed out that if capiUary tubes 
of various diameters were sealed in the same system as a soil prism, when 
equilibrium existed the water in the soil must have the same surface curvature 
as it would have in a capillary tube at the same height and at the same di- 
ameter. Otherwise, there would be a difference in the vapor pressure at the 
two points, and the consequent distillation of the water would result in a 
cyclic motion of water, a condition which is impossible according to the second 
law of thermodynamics. 

Water exists in soil as thin films spread over the surface of the soil particles 
and in rings at the points of contact between two or more particles. These 
rings are exposed to the soil atmosphere in much the same manner as the 
surface of a liquid is exposed in a capillary tube. The surface tension of 
the liquid tends to reduce the free energy, and hence the surface exposed, to 
a minimum; consequently, if there is a supply of water in contact with an 
unsaturated soil there will be a pressure gradient between the surface of the 
water and the surface of the rings around the points of contact in the soil 
This pressure gradient will tend to draw water from the free water surface 
into the soil. This attractive force is commonly spoken of as capillary pull. 

This capillary puU may be counteracted by reducing the pressure on the 
free water surface. When this pressure is so reduced that the tension on the 
free water surface equals that of the surface tension of the water in the soil, 
there will be no movement of water. If the tension on the free water surface 
is greater than that exerted by the water in the soil, there will be a movement 
of water from the soil to the free water. 

In this procedure, the pressure deficit, or tension, applied to the surface 
of the free water was regulated and the amount of water withdrawn from 
the soil at each tension was measured. This gives the amount of pore space 
in the soil that has the power to hold water with a given force. The power 
to attract water, as has just been pointed out, depends upon the curvature 
of the surface of the water in the soil, which is in turn dependent upon the 
size of the pores in the soil. 

It is evident from this that the amount of pore space reported with each 
reading is the amount emptied at each tension; consequently, the volume 
of the pores reported is the effective volume. It is believed that water held 
by the soil particles by forces other than surface tension is not free to move, 
and consequently has the effect of increasing the size of the soil particles, and 
hence reducing the effective pore space. 

It is also evident that the height of tension applied approximates the height 
to which water will rise in the soil by true capillarity. The observed heights 
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of capillary rise do not agree with this in all cases, because the observed rise 
is not due entirely to capillary forces; the attractive forces of the soil play 
a part as important as, or more important than, the true capillary forces. 

Soils with a wide range of physical properties were chosen for these inves- 
tigations. They varied from a group of sand separates to the plastic, sticky 
subsoil of the Iredell. A silt separate and Cecil subsoil and topsoils were 
used to represent the intermediate group. Because of the absence of many 
complicating factors encountered in soils, the sands were chosen as a convenient 
material with which to calibrate the apparatus and to determine the accuracy 
of the method. Furthermore, they are representative of large areas of soils. 

The Iredell and the Cecil were chosen as representatives of soils with heavy 
clay subsoils which predominate throughout the Piedmont Plateau of North 
Carolina. The subsoils of both have a high clay content, the Cecil probably 
having slightly more than the IredeU. The total porosity is approximately 
the same in each. Because of these similarities, it would be expected that 
both soils would have similar internal drainage properties. This, however, 
is contrary to field observations. The Iredell has a wet, plastic, sticky sub- 
soil which is very impermeable to water and air. The Cecil, on the other 
hand, has a compact, brittle subsoil which is permeable to water, but much 
less so than the sand or silt separates, even though the latter contain a lower 
total porosity. 

These observations lead to the obvious conclusion that percolation and 
aeration in soils are dependent upon the size rather than the amount of pore 
space, and that not all soils, even those of the same mechanical composition, 
apparently have the same sized pores. 

The data presented showed this to be true. The sands had large pores 
and, therefore, a low capacity to hold water. Such soils have excessive in- 
ternal drainage, as evidenced by the percolation data and by field observa- 
tions. This is especially true if the sandy layer is deep as in the sandhill 
area of North Carolina. In such soils, moisture conservation becomes a 
major problem. 

Contrasted with the sands is the Iredell soil of the Piedmont. Field ob- 
servations show that this soil is very impermeable to water; therefore, it has 
a high run-off loss and, consequently, is seriously eroded. It was found that 
a tension of 6 inches of mercury was necessary to pull water through a column 
about 3 inches long. This is equivalent to a head of 81 inches of water. Such 
a resistance to percolation indicates that the pores are very small. Measure- 
ments showed that 75.5 per cent were less than 0.012 mm. in diameter. Lutz 
(17) has shown that Iredell clay adsorbs fairly large films of water, which 
undoubtedly reduce the effective size of the pores to such an extent that an 
Sl-inch head of water is necessary to overcome the forces holding these films. 

Between the two extreme conditions, as represented by the sands and the 
Iredell, are many soils, of which the Cecil is one. The Cecil subsoil has a 
high clay content, but, unlike that of the Iredell, it is not hydrated to any 
appreciable extent. The pores, therefore, are not clogged with film water. 
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They are, however, rather small, and the water movement is slow. Granu- 
lation of the subsoil into aggregates similar to those found in the Davidson 
would be more desirable; the soil would then have enough large pores between 
the aggregates for aeration, and enough small ones within them to hold a 
sufficient supply of moisture. 

The optimum size distribution of pores is not known, but obviously it must 
be somewhere between that of the sands and the Iredell. Russian workers 
(16) have reported that 35 to SO per cent of the pore space should be of non- 
capillary size; however, they have not clearly defined the limits of the non- 
capillary pores. 

It is very evident that more work must be done before any definite conclu- 
sions can be drawn concerning the optimum size distribution of soil pores. 
It is believed, however, that this method will throw much light on the problem 
of soil permeability. When used together with percolation determinations, 
it should lead to a much better understanding of soil structure than has pre- 
viously been possible to attain. 

SUMMARY AND CONCLUSIONS 

A method has been developed whereby the size distribution of the pores 
in the soil may be measured by applying tensions equal to the capillary ten- 
sional forces developed in the soil. The tensions were automatically controlled 
at any given value, and the amount of water removed from the soil was meas- 
ured in a burette. 

The capillary puU may be counteracted by reducing the pressure on the 
free water surface. When this pressure is so reduced that the tension on the 
free water surface equals that of the capillary tension of the water in the soil, 
there will be no movement of water. If the tension on the free water surface 
is greater than that exerted by the water in the soil, there will be a movement 
of water from the soil to the free water. 

All calculations are based on the capillary-rise formula. This is possible 
because the water in the soil is subject to the same surface tensional forces 
which are active in capillary tubes. According to the second law of thermo- 
dynamics, when equilibrium exists in the soil, the water in the pores must 
have the same curvature as it would have in a capillary tube of the same 
diameter. 

Permeability studies show that percolation and aeration in soils are de- 
pendent upon the size rather than the amount of pore space, and that not aU 
soils, even those of the same mechanical composition, apparently have the 
same sized pores. 

The optimum size distribution of pores is not knowm, but it is believed that 
this method will throw much light on the problem of soil permeability and 
structure. 

The following conclusions may be drawn from the results: 

The method for determining the pore-size distribution is believed to be as good as any 
yet developed for studying soil porosity. 
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There is no relationship between the total porosity and the effective pore space. 

There is a direct relationship between effective pore space and permeability. 

Further studies should make it possible to determine whether certain crops such as to- 
bacco are adapted to specific soils, and, if drainage is necessary, what type and what spacing 
are required. 
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Correlated field and chemical studies of the relation of fertilizers, tillage, 
and crop residues to the incidence of cotton root rot by the Division of Soil 
Fertility Investigations, Bureau of Plant Industry, have been in progress 
in Texas during a period of years. These have been confined largely to the 
Blackland prairie section where the root-rot disease is widespread and has 
become a limiting factor in the economical production of cotton and other 
susceptible crops. The disease is caused by a soil-inhabitmg fungus Phy- 
matoirichum omnivorum (Shear) Duggar (9). 

The early laboratory program^ dealt with the composition of the soils of 
the section as a possible factor influencing the incidence of the disease and 
with the relation of fertility to the problem in general. Special attention 
was given to some of the less abundant elements, particularly iodine. Less 
information is available on the iodine content of soils than on that of plant 
and animal tissues. The relation of iodine to human and animal nutrition 
makes these data of interest. 

SOILS STUDIED 

Figure 1 shows the location of the Blackland prairie section within the 
state and the locations of the areas from which samples were collected. The 
most prevalent soils are those of the Houston series, chiefly black clay and 
clay types, which, according to Carter (3), cover approximately 80 per cent 
of the total upland area of the section* The soils of the Wilson series, including 
the clay and clay loam types, are second in extent. The terrace correlative 
for the Houston is the Bell, and for the Wilson the Irving series. The Houston 
soils are known for their productivity, which has continued at a relatively 
high level despite widespread continuous cropping to cotton. 

In addition to the soils of the Blackland prairie, data are reported for a 
sample of Denton clay, an important soil of the Grand prairie section that 

^Assistant chemist, Soil Fertility Division, Bureau of Plant Industry, U. S. Department 
of Agriculture, Washington, D. C. 

2 Tiie early studies were developed under the direction of J. J. Skinner, in charge of cotton 
soil and fertilizer investigations^ with P. R. Dawson, then in charge of the soil fertility cotton 
root-rot investigations at Austin, Texas. Acknowledgment is made to J. E. Adams, now 
in charge of the Austin station, for aid in the preparation of the manuscript, 
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merges with the Biackland prairie section at points on its western margin; 
two samples of Yahola silty clay loam, an alluvial soil of the Brazos River 
Valley, which transects the major Biackland prairie section in McLennan 
and Falls Counties; a sample of Victoria clay, a soil of the Rio Grande plain; 
and two samples of Harlingen clay, a heavy alluvial soil of the Lower Rio 
Grande Valley. These soils are described in detail by Carter (3). 



Areas) anb Locations Sampled (Circles) 

In most cases the areas sampled were those employed for field experiments, 
on which observations and records of crop response and root-rot distribution 
extending over several years are available. In other cases the fields were 
under frequent observation. In practically all instances, each sample com- 
prised four subsamples from nonfertilized areas taken at arbitrary levels 
of 0-6, 6~12, 12-24, and 24-36 inches. Pertinent descriptive data relating to 
each sample are summarized in table 1 with the analytical data. 
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TABLE 1 

Iodine content of some Texas soils 


In p.p.m. air-dry soil 







IODINE CONTENT 

SAMPLE 





Nonin- 


NUM- 

SOIL TYPE 

LOCATION 

son. CHARACTERISTICS 

DEPTH 

fested to 

Heavily 

BER* 





slightly 

infested 






infested 

root-rot 




1 


root-rot 

soils 






soils 






inches 



17 , 16 

Houston black ; 

Dallas County; experi- 

Heavy black calcareous clay of 

0-6 

3.226 

4.396 


clay, flat 

ment field on A. J. 

level topography; irregularly 

6-12 

3.520 

4,989 


phase 

King farm 

infested with cotton root rot 

12-24 

4.693 

3.226 





24-36 

2.346 

5. 866 

73 

Houston black 

Dallas County; experi- 

Heavy black calcareous clay of 

0-6 

3.226 



clay 

ment field on W. E. 

slightly rolling topography; 

6-12 

2,347 




Jones farm 

extensive area entirely free of ; 

12-24 I 

2.640 





root rot 

24-36 

5.280 


88 

Houston black 

Bell County; near 

Heavy black calcareous clay of 

0-6 

4,106 



clay 

Temple 

rolling topography; virgin soil 

6-12 

10.550 





in grass 

12-24 

7.333 






24-36 

7.626 


39 

Houston black 

Travis County; experi- 

Heavy black calcareous clay of 

0-6 


6.057 


clay, flat 

ment field on W, F. 

level topography; predomi- 

6-12 


4.956 


phase 

Voelker farm 

nantly infested with root rot 

12-24 


2.753 





24-36 


1.101 

110. 105 

Houston black 

Caldwell County; ex- 

Heavy black calcareous clay; 

0-6 

16.520 

15.890 


clay, flat 

periment field on 

level topography, negligible 

6-12 

18.720 

12.910 


phase 

Blanks Plantation 

erosion, highly productive 

12-24 

18.150 

7.626 





24-36 

22.030 

9.679 

327, 328 

Houston clay 

Bexar County; plats of 

Black clay loam of level topog- 

0-6 

7.434 

6.608 


loam 

U. S. San Antonio 

raphy; predominantly heavily 

6-12 

8.921 

7.599 



Field Station 

infested with root rot 

12-24 

7.764 

4.224 





24-36 

6.278 

10.070 

325, 326 

Houston black 

Hunt County; plats of 

Very heavy and tight black clay, 

0-6 

6.057 

6.057 


clay 

U. S. Cotton Breed- 

noncalcareous at surface ex- 

6-12 

4.956 

6.057 



ing Field Station 

cept for small local spots 

12-24 

4.405 

5.507 





24-36 

7.709 

4.405 

167 




Brownish gray clay loam; cal- 

0-6 


4.396 





careous, shallow phase soil; 

6-12 


3.226 





heavily infested with root rot 

12-24 


4.693 


Wilson clay 

Hunt County; experi- 
ment field on A. K/ 



24-36 


4.693 

168 

loam 

Foster farm 


Dark gray clay loam; noncalcar- 

0-6 


0.587 





eous and slightly acid deep- 

6-12 


1.174 





phase soil from same field as 

12-24 


0.880 





No. 167. Less severely infested 

24-36 


2.347 

45, 46 

Wilson clay 

Hunt County; experi- 

Brownish gray clay loam (No. 

0-6 

2.029t 

2,817 


loam 

ment field on R, W. 

46) deep-phase, slightly acid at 

6-12 

6.32SJ 

2.930 



Craig farm 

surface; infested (No. 45) 

12-24 

5.866 

4,989 



i ■ ■ 

shallow phase calcareous soil, 
severely infested 

; 24-36 

2.933 

5.280 
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TABLE 1 — Conclidei 


SAMPLE 

NtTM- 

BES* 

SOIL TYPE 

LOCATION 

SOIL CHAEACTERISTICS 

DEPTH 

IODINE i 

Nonin- 
fested to 
slightly 
infested 
root-rot 
soils 

CONTENT 

1 Heavily 
infested 
root-rot 
soils 





inches 



230, 242 




0-6 

10.270 

4.989 





6-12 

4.106 

7.626 




Heavy gray-black clay, a terrace 

12-24 

5.280 

4.693 


. 1 

Williamson County; 

correlative of Wilson clay._ 




234 


0. Nelson farm 

Root rot associated with cal- 

0-6 

4.693 





careous spots 

6-12 

8.799 






12-24 

8.799 






24-36 

8.213 


329 

Denton clay, 

Williamson County; 

Brown friable calcareous clay, 

0-6 



22.030 


light colored 

experiment field on 

slightly rolling topography. 

6-12 


20.930 


phase 

A. Peterson farm 

Parent material at depth of 

12-24 


23,130 




20-30 inches 

24-36 


7.710 

25,24 

Yahola silty 

McLennan County; 

Brownish red, calcareous, silty 

0-6 

0.125 

0.253 


clay loam 

experiment field 

clay loam, alluvial. Only lo- 

6-12 

0.587 

0.587 



(1929) on Earl Farm, 

calized areas infested with 

12-24 

1.174 

1.174 



Brazos River Bottom 

root rot 

24-36 

2.640 

1.174 

76 

Victoria clay 

Nueces County; near 

Heavy black calcareous clay; 





Corpus Christi 

level topography. From ex- 

6-12 

6.453 





tensive area free of root rot 

12-24 

12.610 






24-36 

11.730 


59, 58 

Harlingen clay 

Hidalgo County; ex- 

Heavy, brownish gray, calcare- 

0-6 

2.347 

0.880 



periment field on 

ous, alluvial clay 

6-12 

2.053 

3.520 



Freeman farm 


12-24 

3.226 

4.693 





24-36 

2. 053 

3.226 

174 

Wilson clay 

Travis County; Kruger 

Brownish gray clay loam, 

0-6 


2.913 



farm 

slightly acid in surface 6 in- 

6-12 


3,045 




ches; subsoil becomes increas- 

12-24 


4.236 




ingly calcareous with depth 

24-36 


4.243 

175 

Wilson clay 

Falls County; Davis 

Brownish gray clay loam with 

0-6 


4.243 



farm 

noncalcareous surface to 6- 

6-12 


6.994 




inch depth. Calcareous sub- 

12-24 


2.973 




soil 

24-36 


8.213 


♦ Samples taken and analyzed from 1932 to 1933. 
1 0-2 inches. 

1 2-12 inches. 


EXPERIMENTAL PROCEDURE 

The metliod used for the determination of iodine embodies the essential 
features of the official method of the Association of Official Agricultural Chem- 
ists (2, p. 8-“9) and that of Norris and Rao (6). 

The procedure is as follows: 15-50 gm. of 100-mesh air-dry soil is heated 
for 2 hours at 1000-1 lOO'^C. in a silica tube in a stream of oxygen passed through 
5 per cent KOH; the evolved gases are absorbed in a series of three bottles 
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containing a saturated solution of Ca(OH )2 with a slight excess in suspension. 
The contents of the absorption train are transferred to a beaker and heated 
on a steam bath for 30 minutes, filtered, and washed with hot water. The 
filtrate and washings are evaporated to dryness in a 30“-cc. casserole, 2 cc. of 
Ca(OH )2 added and again brought to dryness, and the temperature increased 
to char any organic matter present. The residue is extracted with small 
portions of hot water (total volume used about 20 cc.) and filtered into a 
50-cc. glass-stoppered bottle, acidified with 1:9 H 2 SO 4 , and a small amount 
of NaN02 added. After vigorous shaking, the liberated iodine is extracted 
with 1-cc. portions of colorless CS 2 ; two extractions usually being adequate. 
The CS 2 extract is collected on a hard filter paper, washed twice with a smal 
amount of water, and transferred to a 30-cc. glass-stoppered bottle. After 
addition of 2 cc. of saturated sodium acetate solution, titration is with 0.001 N 
Na 2 S 203 by drop-wdse additions until the pink color is discharged. Vigorous 
shaking, after each addition of Na 2 S 203 , is necessary for a rapid reaction. 
Calculation is made to parts of iodine per million parts of air-dry soil. 

All reagents employed in the analysis were tested for iodine. The solution 
of Na 2 S 203 was checked frequently against iodine liberated in the above manner 
from a standard solution of KI. 

RESULTS AND DISCUSSION 

The iodine contents of the samples are given in table 1. There is no cor- 
relation between the iodine content of the soils examined and the prevalence 
or severity of cotton root rot. In this connection it is of interest to note 
that sample 110, taken from an area free of root rot, as judged by freedom 
from kill of growing cotton plants, is among the soils containing highest 
amounts of iodine, whereas sample 326, also relatively high in iodine, is from 
a badly infested area. There are wide variations in the amounts contained 
in the soils of the Houston and Wilson series, for which data are most abundant. 
The range and average iodine content of Houston black clay and Wilson clay 
loam of the Blackland prairie are given in table 2. The soils of the Houston 
series are definitely richer in iodine at all depths examined than are those 
of the Wilson series. In the Houston soils there was no relationship between 
the average iodine content and soil depth, but in the Wilson soils the iodine 
content tended to increase with soil depth to 36 inches. 

Reference to table 1 will show that the heavy Irving clay soils examined 
contained generally more iodine than the lighter soils of the Wilson series, 
and are of about the same range in iodine content as the heavy Houston soils. 
The greatest amount in any sample analyzed was found in the one set of 
samples representing the Denton clay group. The smallest amounts of iodine, 
found in samples of Harlingen clay and Yabola silty clay loam of the Rio 
Grande Valley and Brazos River Valley, respectively, as compared to the 
amounts in soils of the Blackland, seem significant. The soils of the Brazos 
River Valley are of alluvial origin and are subject to periodic overflow and 
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rapid drainage. The iodine content of the soils from the Blackland section 
of Texas compares favorably with that reported on soils from some other 
states. The average iodine contents of ail samples collected from this section 
at depths of 0-6, 6-12, 12-24, and 24-36 inches, were, respectively, S.113, 1 
5.625, 5.469, and 6.054 p.p.m. In six regions in South Carolina (5) the iodine ] 
in the surface 6 inches varied from 0.142 to 0.684 p.p.m., and in subsoil at a 
depth of 12 to 18 inches, from 0.377 to 1.181 p.p.m. Soils from six principal 
geological areas in Kentucky (4) are reported; the average content was 4.57, 
4.11, 6.10, 4.07, 4,69, and 2.05 p.p.m. The amounts in soils from eight coun- 
ties in Nebraska (1) ranged from none to 0.015 p.p.m. 

The distribution of iodine in soils is frequently found to be correlated with 
the geological formations from which the soils have developed. McHargue | 
and Young (4) found a higher iodine content in soils derived from limestone 
than in soils derived from sandstone strata. These investigators report that 

TABLE 2 


Range and average iodine content of Houston Hack clay and Wilson clay loam soils of the 
Blackland prairie of Texas 
In p.p.m. air-dry soil 


SOIL DEPTH 

HOUSTON BLACK CLAY 

WILSON CLAY LOAM 

Minimum 

Maximum 

Average 

Minimum 

Maximum 

Average 

inches 

0-6 

3.226 

16.520 

7.235 

0.587 

4.396 

2.991 

6-12 

2.347 

18.723 

7.775 

1.174 

6.994 

3.474 

12-24 

2.640 

18.145 

6.211 

0.880 

5.866 

4.727 

24-36 

1.101 

22.026 

7.490 

2.347 

8.213 

4.618 


Orr and Leitch (7) found nearly twice as much iodine in fossiliferous limestones I 
as in nonfossiliferous deposits. Mitchell (5) reports that soils from the middle 
section of South Carolina contain less iodine than those from the upper section 
and suggests a possible relationship with soil formation as the reason. 

Also ajQPecting the iodine content of a soil are such factors as soil texture, 
organic matter, and colloidal matter contents. Scharrer (8) in reporting 
on the iodine content of south German soils, concluded that in general a higher 
iodine content is associated with abundant colloids and organic matter. 
Nebraska (1) soils containing appreciable quantities of organic matter showed 
measurable amounts of iodine, whereas sandy soils low in organic matter did 
not show any iodine. 

The relative abundance of iodine in soils from the Blackland section of 
Texas seems to be due primarily to geological formations of that area, indi- 
vidual differences in iodine content being influenced by such soil characters 
as texture, organic matter, and colloidal material, which affect retention of 
the iodine supplied by the soil parent material. These soils have developed 
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from soft calcareous parent material comprising deep beds of chalk, marl, or 
slightly limy clay. In general, they are well supplied with organic matter, 
are highly colloidal, and have a heavy texture. These characteristics are 
accentuated in soils of the Houston series and subordinated in those of the 
Wilson series. 

SUMMARY 

Some of the principal soil types of the Blackland prairie and surrounding 
sections of Texas were found to be relatively high in iodine.^ The iodine con- 
tent of the soils examined apparently is not a factor influencing the present 
distribution of root rot of cotton, a disease prevalent in many of the soils 
of this section. The calcareous black clay soils examined generally contained 
more iodine than the lighter-textured noncalcareous Wilson clay loam soils. 
These are among the principal soil types of the Blackland and Grand Prairie 
sections of Texas. 

The alluvial soils, Harlingen clay and Yahola silty clay loam, found ex- 
tensively in the Lower Rio Grande Valley and Brazos Valley, respectively, 
contained less iodine than the residual soils of the Blackland prairie and Grand 
prairie sections. 

The relationship between geological formations and the iodine content of 
soils is discussed, and the data presented are shown to be in harmony with 
some results reported by other investigators. 
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Heating soils to a high temperature is known to destroy their colloidal prop- 
erties (Ij 2j 3, 12). The exact temperature at which a change in base-exchange 
capacity may take place has been shown (2) to vary from 300 to 700°C., de- 
pending on the Si 02 /Al 203 ratio. If we regard the soil as hydrated ferro- 
aluminosilicate, we can well imagine the change in its properties likely to be 
brought about by heating. It seems fairly certain that most of the outstand- 
ing properties of soil colloids must be associated with the presence of water of 
hydration, and the primary effect of heating lies in the removal of this water. 
A number of important properties like plasticity and cohesion, which may be 
due to this state of hydration, are destroyed completely when this water is 
driven out. The quantity of the basic material, i.e., the ferro-aluminosilicates, 
remains the same but may undergo progressive change with the increased 
temperature. A knowledge of these changes, especially in the acidoid prop- 
erties of the soil, is of interest in elucidating the fundamental properties of 
soil colloids. 

In order to avoid complications, the soils used for this study, unless other- 
wise mentioned, were acid treated to remove the exchangeable bases. The 
following properties were studied before and after heating the soils to various 
temperatures: titration curves, base-exchange capacity, reaction with am- 
monia, production of free alkali, dispersion (clay content), destruction of 
humus and decomposition of calcium carbonate, loss of weight on ignition 
(dehydration), moisture absorption, puzzolonic properties, sticky point and 
roiling limit, aggregate analysis. 

TITRATION CURVES 

The acidoid property of the soil is revealed through its titration curve, which 
gives the alkali equivalent, i.e., T/2 value (quantity factor) or pK value 
(intensity factor). A black cotton soil containing 56 per cent clay was used 
for this study, after being freed from exchangeable bases by exhaustive treat- 
ment with 0.05 iV HCl. The H-soil thus produced was heated to different 
temperatures for 6 hours in an electric muffle furnace. Titration curves with 
NaOH were determined with the glass electrode, and T/2 and pK values were 
found from the titration curves as explained previously (7). The titration 
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curves are shown in figure 1, and the pK values are given in table L It will 
be seen that the Tjl value is hardly affected by ignition, though the values, 
show rather large variations because of the difficulty of interpolation in the 
flat portions of the titration curves. The pK values show a progressive 
increase with heat. Ignition, therefore, has the effect of making the soil 
acidoid weaker, its total quantity remaining virtually the same. 

BASE-EXCHANGE CAPACITY 

Base-exchange capacity has been used so widely in all studies relating to the 
effect of heat on the colloidal properties of soils that it seemed necessary to 
include it in this investigation in spite of the vagueness of the meaning at- 
tached to this term and the unsatisfactory nature of the methods of estimating 
it (11). The potassium chloride-ammonium carbonate method was used for 
the purpose (5). The method consists in leaching the soil with iY KCl and 

TABLE 1 


Efect of ignition on various properties of F.C, 13 A. T. soil 


TEMPEEATURE 

T/2 

pK 

BASE-EXCHANGE CAPACITY 

NHa 

ABSORPTION 

CLAY CONTENT 

Without KOH 

With KOH 

X. 

m.e. 


m.e. 

m.e. 

m.e. 

per cent 

95 

48.00 

5.07 i 

29.0 

47.9 

64.4 

43.3 

225 

39.00 

5.36 

29.0 

48.1 

64.1 

38.0 

300 

45.25 

5.62 

30.5 

48.4 

59.9 

28.5 

400 

1 41.40 

6.11 

28.0 

49.1 

52.1 

6.3 

520 

35.25 

1 6.20 

21.6 

44.6 

51.0 

6.3 

610 

41.75 

6.98 

17.9 

41.8 

49.7 

6.3 

710 

50.00 

7.54 

11.5 

33.9 

33.8 

6.3 

800 

39.1 

7.84 





910 

52.00 

8.69 






displacing with (NH 4 ) 2 C 03 the potassium taken up. A slight modification 
of the method w'as made by adding to the soil in the first instance sufficient 
potassium hydroxide to raise the pH value to 8.5. Since the initial pH values 
of the ignited soils were different, this modification brought them to a uniform 
initial condition. Base-exchange capacity was measured with both the 
methods. The results are included in table 1. It is seen that base-exchange 
capacity is constant up to 400®C. Ignition above this temperature leads to 
a progressive decrease, which is consistent with other changes that seem to 
take place when the soil is heated at higher temperatures. The reason for 
higher base-exchange capacity when the soil is subjected to a preliminary treat- 
ment with KOH, as compared with untreated sod, have been discussed in a 
previous paper (11). 

REACTION WHTH AMMONIA 

Interaction between ammonia and soils has been discussed in a previous 
publication (8). It was shown that ammonia reacts with soil acidoid just 
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like other bases and therefore it could be used for measuring the base equiva- 
lent of an acidoid neutralized to a certain pH value. The treatment consists 
in adding excess of ammonia solution to a H-soil, boiling to remove the excess, 
and estimating, by distillation with lime, the ammonia taken up. The results 
of this study, given in table 1, show that the amount of ammonia reacting with 
the soil decreases with the increase of temperature of ignition. There is a 
point of inflection between 300 and 500°C. 

TABLE 2 


Production of free alkali on igniiion 


O.lN ALKALI PIOSSENT IN 
10 GM. SOIL 

pH VALUE 

ALKALI SET EEEE 

Before ignition 

After ignition 

CC. 



CC. 


Na saloid 


0.0 

3.82 

7.73 

0.2 

2.5 

4.24 

7.75 

0.5 

7.5 

4.90 

7.65 

0.3 

15.0 

5,73 

7.58 

0.0 

17.5 

6.00 

7.70 

0.4 

25.0 

7.70 

7.70 

0.2 

40.0 

9.80 

9.41 

0.2 

60.0 

10.95 

9.93 

0.4 

Ca saloid 

5.0 

3.75 

1 7.80 

0.2 

12.5 

4.52 

8.25 

0.0 

17.5 

6.12 

7.85 

0.4 

25.0 

7.70 

8.11 

0.2 

40.0 

9.05 

1 8.99 

1.8 

60.0 

9.97 

1 10.12 

2.0 


PRODUCTION OF FREE ALKALI 

We have seen that the acidoid properties of soil colloids are partly destroyed 
on heating. It appeared logical to conclude from this that if the soil acidoid 
was neutralized with a base and then heated, part or all of the base might be 
released. This supposition appeared to offer attractive possibilities of de- 
termining the exchangeable bases by ignition in soils free from CaCOs. Sodium 
soil obtained by neutralizing a H-soil to various pH values was ignited, and the 
amount of alkali set free was determined. The results, given in table 2, show 
that hardly any alkali is set free. Some alkali, apparently set free when 40 
and 60 cc. of 0.1 N alkali are added to 10 gm. of soil, would be leached out of 
the soil even without ignition. 

The results are very important, as they appear to give us an insight into the 
real mechanism of the destruction of colloidal property of soil on ignition. If 
ignition merely resulted in dehydration and destruction of the acidoid prop- 
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erties of soil colloids, then alkali would necessarily be set free. If, on the other 
hand, ignition leads to a fusion of the colloidal particles and the production of 
larger particles, then no alkali will be set free. The latter view is confirmed 
by the fact that if a soil containing exchangeable sodium or calcium is ignited, 
the whole of the base becomes fixed in the nonreplaceable form and cannot be 
displaced by any of the usual replacing agents. The progressive increase in 
the pH value of a H-soil on heating also leads to the same conclusion. It 
must be understood that a soil on drying can form water-stable aggregates, 
but these aggregates can always be resolved into individual particles by me- 
chanical or chemical methods of dispersion. Ignition, on the other hand, leads 
to the formation of permanent aggregates that cannot be resolved by physico- 
chemical treatments into smaller particles originally present. These aggre- 
gates are in all respects similar to larger particles and correspond in properties 
to silt fractions in natural soils. 

DISPERSION (clay CONTENT) 

The percentage of conventional clay (0.002 mm. diameter) has an important 
bearing on the colloidal properties of soils, and the effect of heating on this 
factor is of interest. Clay was determined by shaking for 24 hours with suffi- 
cient NaOH to raise the pH value to 10.8 (9). The results, included in table 1, 
show the progressive decrease in the clay content, which reaches a minimum 
value at 400°C. It seems that the dehydration of clay at higher temperatures 
leads to a progressive fusion of clay particles, resulting in stable aggregates 
which cannot be disintegrated by ordinary methods of dispersion and therefore 
cannot be distinguished from coarser fractions. 

Complete mechanical analyses of the heated soils were made by the simple 
method of shaking with NaOH to pH 10.8. The summation curves are shown 
in figure 2. It will be seen that except for a minor shift, the curves continue 
to be similar until the temperature is raised above 400^C,, which may be re- 
garded as the fusion temperature of colloidal particles. At this temperature, 
there is an abrupt shift in the curve as a whole, and further heating again 
causes only a minor change. The remarkable similarity of all the curves is 
noteworthy. 

DESTRUCTION OF HUMUS AND DECOMPOSITION OF CaCOs 

^ Destruction of humus and the decomposition of CaCOs are two of the most 
important changes intimately associated with the ignition of soils, though 
not directly concerned with its colloidal properties. The total loss of weight 
accompanying the ignition of soil is made up of the following factors: dehydra- 
tion, destruction of the organic matter or humus, and decomposition of cal- 
cium carbonate. 

In order to determine the magnitude of each factor, a number of soils were 
heated to different temperatures in the natural state, after acid treatment 
(destruction of CaCOs), and after destruction of humus by alkaline potassium 
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Fig. 2. Summation Curves oe P.C. 13 A.T. Soil Heated to Various Temperatures 
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permanganate (10). The progressive loss of weight against the temperature 
of heating is shown in figures 3, 4, and 5. 

The curves for various soils show a remarkable similarity. The curve for 
the destruction of calcium carbonate alone is also shown in figure 5. Humus 
is completely burnt up at 400°C. The major portion of the loss in soils is 
confined to temperatures below 500°C.; CaCOs, on the other hand, is hardly 
decomposed at this temperature, and at 600'^C. its decomposition is practi- 
cally complete. 



/5' 


/^. 


m- 


a- 


ii 


/O' 

k 

S' 




B' 




7, 

Cl 



S' 

Wi 


0 

si 

5- 




200 




300 ^OO 500 600 700 BOO BOO 

TEMPERATURE. ®C. 

Fig. 5. Loss or Weight on Ignition or Humus-Free Soils 

MOISTURE ABSORPTION 

Absorption of atmospheric moisture is a characteristic property of soil 
colloids which is bound to be affected by heat. The absorption of moisture 
at various humidities by a soil heated to different temperatures is shown in 
figure 6. A progressive decrease in hygroscopicity with increasing tempera- 
tures is apparent at all humidities. 

It was shown in a previous publication that the absorption of moisture be- 
tween 10 and 70 per cent humidity is correlated with the clay content of soils 
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(4). It is of interest to see whether the decrease in clay content due to dehy- 
dration is correlated with the decrease in hygroscopicity. The relation be- 



humidity per cent 


Fig. 6. Moistiire Absorption at Various Humidities by Soil Heated to 
Various Temperatures 
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Fig, 7, Relation Between Clay and Hygroscopicity oe Soil Heated to 
Various Temperatures 


tween clay and moisture absorption at various humidities is shown in figure 7. 
It will be seen that the moisture absorption decreases with the decrease in the 
clay content, which diminishes as the temperature of ignition increases. 
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PUZZOLONIC PROPERTIES 

Methods of determining soil cohesion have been discussed in a previous 
publication (6). As the soil, when heated, loses its plasticity, it develops 
puzzolonic property, by virtue of which it can combine with lime and set 
under water like hydraulic cement. To determine at what temperature this 
property comes into prominence, a common Punjab soil was heated to dif- 
ferent temperatures for 4 hours, mixed with 20 per cent lime, and kept in molds 
under wet sand for 24 hours, after which the semispherical pellets were kept 
under water for 7 days.^ The cohesion was then tested. The results, in 
table 3, show that the higher the ignition temperature, the better the develop- 

TABLE 3 


Cohesion of soil heated to different temperatures and mixed with 20 per cent lime 


TEM3?ERATUSE 

COHESION 


kgm. 

120 

4.5 

300 

6.7 

500 

14.1 

700 

15.5 

920 1 

20.0 

TABLE 4 

Increase in cohesion of ignited soil pellets on being kept in lime water 

TIME KEPT IN LIME WATEK 

COHESION 

days 

kgm. 

0 

31.0 

7 

42.5 

14 

40.0 

21 

42.1 

28 

44.1 


ment of the puzzolonic property. It is interesting to note that the develop- 
ment of the puzzolonic property follows exactly the destruction of the colloidal 
properties (cf. table 3 and table 1, column 5). The increase in the cohesion of 
ignited soil pellets as a result of contact with lime is shown in table 4, It will 
be seen that cohesion increases appreciably when the pellet is kept in lime 
water for 7 days; longer contact has no apparent effect. 

ROLLING LIMIT AND STICKY POINT 

Rolling limit is defined as the moisture percentage at which a soil can be 
rolled to give a thread 1 inch long and | inch thick without breaking. Sticky 
point is the moisture percentage at which the soil begins to stick to the hand. 

^ This technic is similar to that used in cement testing. 
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These are useful properties which can be expressed as single values for 
characterizing soils. It was found that these properties are only slightly 
affected by heating the soil up to 400°C. Above this temperaturCj the de- 
termination of both the rolling limit and the sticky point abruptly becomes 
indefinite: the soil loses its plasticity and behaves like sand or coarse silt. 

SUMMARY 

The effect of heating soil to various temperatures on its physicochemical 
properties was studied. 

The progressive decrease in the colloidal properties is most likely due to the 
fusion of the smaller particles, resulting in stable aggregates which cannot be 
disintegrated by ordinary methods of dispersion. 
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For many years agricultural workers in the West have been intensely inter- 
ested in the common practices developed in China and Japan for the return of 
wastes to the soil as fertilizers. Very few quantitative studies, however, have 

yet been published which elucidate, in a critical manner, the actual workinp 
of Oriental fertilizer systems. The classical observations of King (7) still 
constitute one of the chief sources of information concerning Chinese agricul- 
ture, even though they were made 30 years ago. The recent publications of 
Buck (3, 4) have brought together an immense amount of information about 
Chinese agriculture and have painted the broad outlines of the operation of 
the system throughout the land, yet specific studies of the production and use 
of fertilizers are conspicuously lacking. 

In any discussion of agriculture in China it must be kept clearly in mind that 
the practices followed in different parts of the country vary widely. Buck 
(4) has divided China into two great agricultural regions and eight areas. 
Each of these areas differs in certain important respects from the others. 
Methods of handling and using wastes for fertilizers tend to vary in the differ- 
ent areas. The practices described in this paper refer specifically to conditions 
in West Shantung, but they are fairly commonly found throughout the winter- 
wheat-kaoliang area, which comprises all of Shantung, most of Hopei, and parts 
of Honan, Anhui, and Kiangsu Provinces. This is the most populous of the 
eight areas described by Buck, having almost twice the population of any other 
single area and nearly one third of the rural population of the entire country. 

This paper is one of a series being published in various agricultural, medical, 
and biological journals, which report the results of an extended study of the 
problems involved in developing a system of agricultural sanitation for use in 
North China. This program attempts to give due weight to the demands of 
both agriculture and public health, and seeks a solution of the problem of sani- 

1 This is the eleventh of a series of papers reporting the results of cooperative studies on 
agricultural sanitation carried on by the Cheeloo University Department of Biology 
under the direction of Gerald F. Winfield and by the Yenching University Department uf 
Chemistry under the direction of Stanley D. Wilson. These studies are financed by the 

Rockefeller Foundation. 
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tation by agricultural means so that to the values of permanent agriculture as 
practiced in China may be added the advantages of modern sanitation. 

MATERIALS AND METHODS 

The data presented in this paper were derived from the study of the farm 
manure produced on 32 farms in West Shantung.^ The methods in vogue for 
handling farm manure throughout a large part of this area are so different 
from those used in other parts of China and in other countries that a detailed 
description is necessary, although a similar account has been published else- 
where (14). 

The fertilizer produced on the farm is accumulated and stored in a pit which 
serves the triple purpose of compost pit, pigpen, and latrine. It varies in size 
and shape but usually is 8 to 15 feet square by 4 to 6 feet deep. The capacity 
of the pits of the 32 farms studied varied from 14 to 1008 cubic feet (table 1). 
At one side of this pit there is usually a shed, in many instances large enough 
to shelter a cow or a horse. The door of this shed opens on the main court- 
yard around which the other farm buildings are placed. The shed serves the 
double purpose of a shelter for the animals and a place where the family may 
defecate, although in some cases a separate stable is maintained. The pit is 
usually lined with brick or stone, and the bottom is made by tamping a mixture 
of lime and clay into a hard-packed mass that will hold water. There are 
steps that permit the pig, when present, either to rest on the ground or to 
wallow in the muck in the pit. The pig gains part of its subsistence by eating 
the freshly passed stools, which are high in unused carbohydrates, and his 
activity serves to keep the materials in the pit stirred. All animal manure 
from the other farm animals is placed in the pit along with the field earth which 
is used for bedding. No straw bedding is employed because of the necessity of 
using such plant material for fodder or fuel. The total amount of soil added 
is, in many instances, so large that the term “soil compost” seems an appro- 
priate designation for farm manure prepared in this way. In addition to 
human and animal manure, all household wastes and such manure as the farmer 
or his son may be able to pick up on the cart roads, together with the ashes 
from the stove, are added to the compost pit. Water is added during dry 
weather, and during the rainy season the pit usually contains several inches or 
even several feet of water. In many cases the compost is removed only once 
a year, although on some farms it may be removed two or more times. Almost 
all pits are cleaned in early spring. The soil compost is first carried to the 
village street or to the threshing floor, where it may be partly dried and pulver- 
ized by being turned several times. It is then carted to the fields, placed in 
small piles, and further dried. Much of it is completely dry when it is finally 
spread over the field or along the rows of growing winter wheat. All told, the 
Shantung farmer expends a great deal of time and energy collecting, preparing, 

2 We wish to acknowledge the assistance of James C. Scott in the analysis of data. 
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TABLE 1 

Materials used in the production of soil compost manure on 32 Shantung farms 



Lungshan area 


1 

12 

0 

0 

12 

12 

2 

2 

30 

None 

700 

6.5 

2 

12 

0 

12 

12 

0 

3 

3 

70 

None 

315 

7.5 

3 

12 

0 

12 

0 

0 

2 

1 

30 

Refuse 

384 

6,0 

4 

12 

0 

0 

0 

6 

2 

0 

20 

Refuse 

293 

2.5 

5 

12 

0 

8 

0 

0 

4 

1 

20 

None 

240 

5.0 

6 

12 

6 

0 

0 

0 

3 

5 

30 

Refuse 

525 

3.75 

7 

6.5 

12 

0 

0 

24 

5 

2 

100 

Feces 

1008 

12.0 

8 

12 

12 

0 

0 

12 

5 

1 

50 

Refuse 

378 

8.7 

9 

12 

12 

12 

0 

12 

2 

4 

' 100 

Refuse 

384 

10.0 

10 

12 

12 

0 

0 

0 

3 

0 

30 

Refuse 

210 

1 4.0 

11 


0 

0 

0 

0 

5 

3 

0 

Manure & feces 

180 

2.5 

12 

7 1 

12 

0 

0 

24 

4 

1 

1 100 

None 

384 

9.0 

13 

12 i 

12 1 

0 

0 1 

12 

4 

1 

60 

Refuse 

756 

10.0 

14 

12 

12 

0 

0 1 

0 

4 i 

2 

30 

Refuse 

432 1 

3.6 

15 

12 

0 

10 

0 

0 : 

4 

2 

30 

Refuse 

720 

9.0 

16 

12 1 

0 

9 

0 

0 

5 

0 

8 

Refuse 

320 

4.5 


Tsinan area 


17 

4 

4 

0 

0 

0 

0 

0 

80 

None 

i 230 

2.0 

MHlet 

18 

5 

4 

0 

0 

0 

2 

6 

30 

Ashes 

172 

5.0 

Wheat 

19 

3.5 

1.5! 

0 

2 

4 

0 

0 

100 

Refuse 

231 

5.0 

: Millet 

20 1 

4 

0 

0 

0 

12 

0 

0 1 

130 

None 

210 

: 6.0 

Wheat 

21 ! 

j 

6 

0 

0 

0 

0 ! 

1 

2 .1 

3 

80 

Manure, feces, Sc 
refuse 

14 

1.0 

Wheat 

22 

, 1 

12 

0 

0 

0 

0 

5 

0 

Pond 

mud 

Manure, feces, & 
refuse 

180 

4.0 

Vegetables 

23 1 

4 

0 

0 

0 

0 

0 

0 

0 

Feces 

70 

0.7 

Vegetables 

24 

10 

0 

0 

0 

0 

2 

0 

0 

Manure, & feces 
cakes 

216 

2.0 

Vegetables 

25 

18 

0 

0 

0 

72 

5 

3 

0 

Refuse 

319 

5.0 

Millet 

26 

7.5 

7 

7 

0 

0 

7 

9 

0 

Refuse 

88 

3.0 

MiEet 

27 

3 

0 

0 

1.5 

18 

0 

0 

120 

None 

385 

10.0 

Millet 

28 

2.5 

0 

0 

0 

0 

6 

0 

0 

Ashes & refuse 

61 

3.5 

Wheat 

29 

6 

0 

0 

1 

0 

0 

1 

0 

0 

Coal ashes & ref- 
use 

202 

4.0 

MiUet 

30 

,4 

0 

0 

0 

16 

3 

3 

120 

Manure 

240 

3.0 

Millet 

31 

2.5 

2.5 

0 

0 

0 

3 

0 

10 

Refuse 

141 

3.0 

Millet 

32/' 

;'7"'' 

0 

0 

] 

0 

0 

4 

3 

0 

Coal ashes & ref- 
use 

239 

■ ' 1 
i 

4.0 

1 

Wheat 


The chin is equal to 500 gm, 
t The mu is equal to 0.1647 acre. 
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and using this soil compost. If he stores it outside his pit for any considerable 
time he is very likely to cover it with a layer of straw-reinforced mud to pro- 
tect it from rain and theft. 

Of the 32 farms studied, 16 were situated in a group of villages in the Lung- 
shan market town area about 20 miles east of Tsinan. An investigator and a 
work crew were sent to each farm in March 1937, when pits were being emptied, 
to weigh and sample the entire soil compost output. A survey schedule cover- 
ing essential information, much of which is presented in table 1, was filled in 
for each farm. The sample was taken by quartering down a stack made of 
every fifth basketful weighed. The samples were brought to the laboratory, 
the moisture loss on air drying was determined, and the air-dry material was 
ground for analysis. The analytical methods followed were standard ones 
as laid down by the A. 0. A. C. (1) except in certain cases as indicated in the 
text below. 

The second 16 samples were procured by the same means during the early 
spring of 1939 from farms near Tsinan city. A number of these had their 
farmsteads inside the east suburb wall with their fields outside. Methods of 
preparing and using fertilizers, however, closely follow those current in rural 
areas. The samples were handled somewhat differently from the first series. 
The wet material was ground in a food chopper, and pH, moisture, Kjeldahl 
nitrogen, and ammoniacal nitrogen (by MgO distillation) were determined on 
the fresh wet material. The other determinations were made on air-dry 
material. 

The units of weight and measure used in this paper conform to the official 
standards set up by the Chinese Government. They are the which is 
equivalent to 500 gm., and the skik mu, which is equal to 0.1647 acre. 

PRESENTATION OF DATA 

Materials forming the soil compost manure 

The soil composts studied were prepared from varying combinations of raw 
materials, as shown in table 1. It will be noted (column 2) that most of the 
pits in the Lungshan area had not had the compost removed during the pre- 
ceding year, whereas most of those in the Tsinan area had been cleaned 2.5 to 
7 months previously. In the succeeding four columns are shown the total 
numbers of animal-months that the four most common farm animals were 
kept during the period of fertilizer accumulation under study. The manure 
produced by these animals and passed in the stable or near the house may be 
assumed to have been placed in the pit. It is of interest to note that 13 of the 
32 farms kept cows during at least some part of the period under study, 12 
kept pigs, 7 kept donkeys, and 4 kept mules. One of the Lungshan and seven 
of the Tsinan farms kept no animals at all. From 2 to 8 persons used the 
pen-latrine for defecation in the Lungshan farms, whereas 4 of the Tsinan farms 
reported that the pits were not used as latrines. Observations made on 
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rural families (14) would indicate that a fairly large percentage of the fecal 
material of the children does not reach the compost pit but is scattered pro- 
miscuously about the village. The amounts of field soil added are rather 
large (column 9). One farm put large quantities of pond mud in the pen- 
latrine, and eight added no soil to their compost. Only seven farms reported 
that no additional material from outside, such as feces or manure collected 
from the roads, refuse, or even coal ashes, was added. It is likely that these 
farms added some other materials but not regularly enough to deem it worth 
reporting. In at least some of the poor families such manure collected from 
the outside may be the major source of fertilizer. The fertilizer studied was 
applied to 0,7 to 12 mu (0.12 to 1.98 acres) of land. The crops fertilized were 

TABLE 2 

Chemical analysis ^ in per cent, of 32 Shantung farm manures, and fertilizer production, 
in chin,* on 32 farms calcidated to a 12-month basis 


CHEMICAI ANALYSIS, MOISTURE- 
FREE BASIS 



Maxi- 

mum 

j 

Mini- 

mum 

Mean 

Stand- 
ard de- 
viation 
of mean 

Maximum 

Minimum 

Mean 

standard 
deviation 
of mean 

Total wet weight . 





167,000 

4,000 

31,600 

3,500 

Organic and ammo- 

1.35 

0.17 

0.43 

0.062| 

453.0 

18.0 

80.3 

14.10 

niacal nitrogen 
Nitrate nitrogen 

0.066 

0,0 

0.015 

0.014 

18.0 

0.0 

2.82 

0.75 

Total organic and 

1.355 

0.196 

0.45 

0.042 

453.0 

20.5 

83.1 

13.7 

inorganic nitrogen 
Total carbon 

12.28 

2.59 

5.69 

0.42 





Carbonate carbon 

2.01 

0.09 

0.64 

0.08 

476.0 

19.0 : 

127.8 

21.7 

Organic carbon 

11.22 

2.50 

5.05 

0.39 

3431.0 

253.0 

916.6 

112.3 

Phosphorus, P 2 O 5 

1.21 ! 

0.16 

0.47 

0.041 

310.0 

22.0 

80.4 

10.1 

Potassium, K 2 O 

1.45 

0,67 

0.87 

0.027 

1036.0 

29.0 

192.8 

33.4 


* The chin is equal to 500 gm. 


wheat, harvested soon afterward and followed by beans and corn in most 
cases; millet, which is one of the most important summer crops of the region; 
and vegetables. 

Annual fertilizer prodiiction per farm 

In order to make the amounts and the fertilizer constituents of soil compost 
comparable from farm to farm, all results were calculated to a 12-month basis 
and are summarized in table 2, 

The total wet weight produced annually per farm was very variable, ranging 
from 4,000 to 167,000, mean 31,600, chin for the 32 farms (table 2). This 
represents an average total annual production of about 15 metric tons of soil 
compost per farm. The percentage of dry matter ranged from 56.6 to 89.7, 
average 70.2, for the entire series of 32 farms. 
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Nitrogen in manure 

The concentration of total organic and ammoniacai nitrogenj as determined 
by the Gunning method, in the manures (table 2) ranged from 0.17 to 1.35, 
mean 0.43, per cent. It should be remembered that the nitrogen in the Lung- 
shan series was determined on air-dried samples, whereas that in the Tsinan 
series was determined on wet samples. The production per farm of organic 
and ammoniacai nitrogen, calculated on a 12-month basis for the 32 farms, 
ranged from 18 to 453 chin, with a mean of 80.3 a 14.1 chin. It should be 

TABLE 3 


Losses of nitrogen from Shantung f arm manure^ Tsinan areUj after air drying of the sample 
All data in per cent on a moisture-free basis 


SAIO'I.E 

NUMBER 

WET SAMPLE DETERMINATIONS 

AIR-DRY 

SAMPLE 

WET — DRY 
SAMPLE 
DIEEERENCE 

PERCENTAGE 
LOST ON AIR 
DRYING 

Total 

nitrogen 

NH»-N 

NHj-N, per- 
centage of 
total nitrogen 

Total 

nitrogen 

732 

0.42 

0.08 

19.00 

0.35 

0.07 

16.70 

733 

0.58 

0.11 

19.00 

0.52 

0.06 

10.30 

734 

0.41 

0.13 

31.70 

0.30 

0.11 

26.80 

735 

0.37 

0.11 

29.70 

0.34 

0.03 

8.10 

736 

0.55 

0.11 

20.00 

0.51 

0.04 

7.30 

737 

0.62 

0.09 

14.50 

0.63 

+0.01 

+1.60 

738 

1.35 

0.28 

20.70 

0.95 

0.40 

29.60 

739 

0.98 

0.17 

17.40 

0.95 

0.03 

3.10 

746 

0.49 

0,19 

38.80 

0,40 

0.09 

18.40 

747 

0.62 

0.19 

30.70 

0.44 

0.18 

29.00 

748 

0.38 

0.14 

36.80 

0.32 

0.06 

15.80 

749 

0.67 

0.22 

32.80 

0.54 

0.13 

19.40 

750 

0.38 

0.13 

1 34.20 

0.31 

0.07 

18.40 

751 

0.66 

0.11 

16.70 

0.47 

0.19 

28.80 

752 

0.54 

0.13 

24.10 

0.44 

0.10 

18.50 

753 

0.36 

0.10 

27.80 

0.29 

0.07 

19.40 

Mean 

Sigma 

0.59 

0.064 

0.14 

0.0013 

25.90 

1.91 

0.49 

0.051 

0.101 

0.024 

16.80 

2.34 


kept in mind that the large amount of field soil added to the composts contained 
an estimated average of 10 chin per farm. 

The amount of ammoniacai nitrogen was determined on the Tsinan series 
of wet samples by direct MgO distillation (table 3). The mean percentage 
was 0.14 <7 0.0013 calculated on a moisture-free basis. This represented from 
14.5 to 38.8, mean 25.9 cr 1.91, per cent of the total nitrogen. 

Nitrate nitrogen was determined by the phenoldisulfonic acid method. It 
was present in measurable quantity in all but one of the Lungshan series and 
in 11 of the 16 Tsinan. The lack of nitrate in the five Tsinan farm composts 
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was likely due to the short period of accumulation, since only one of the live 
pits contained material as old as 7 months, the storage period for the other 
four ranging from 2.5 to 4 months. The nitrate present ranged from none to 
0.066 per cent with a mean of 0.015 a 0.014 per cent for the 32 farms (table 2). 
The production of nitrate nitrogen per farm calculated to a 12 -month basis 
ranged from none to 18.0 and averaged 2.82 <r 0.75 chin. 

The figures for total organic and inorganic nitrogen in terms of percentage 
concentration and yearly production are shown in table 2. The concentration 
ranged from 0.196 to 1.355, mean 0.45 cr 0.042, per cent, and the production 
ranged from 20.5 to 453.0, mean 83.1 <r 13.7, chin per farm. As has already 
been pointed out, the farmers usually dry their fertilizer before plowing it in. 
They do this to get a more even distribution of material over the field and also, 
they say, to kill insect larvae and eggs. On the basis of analyses made on the 
Tsinan series (table 3), we found that 16.8 a 2.34 per cent of all the nitrogen 
present was lost when the samples were air dried. This represents about 65 
per cent of the ammoniacal nitrogen present. In view of the results shown by 
field test reported in the literature ( 6 ) on the effects of drying on yield, it would 
seem likely that the present practice of drying fertilizer is not a good one. 

Carbon in manure 

The total percentage of carbon as determined by wet combustion (table 2) 
ranged from 2.59 to 12.28, average 5.69 a- 0.42. The carbonate carbon as 
determined by a Collins calcimeter ranged from 0.09 to 2.01, mean 0.64 a 0.08, 
per cent for the 32 farms; in other words, 11.24 per cent of the total carbon 
present was carbonate carbon. When the carbonate carbon was subtracted, 
the organic carbon ranged from 2.50 to 11.22, mean 5.05 cr 0.39, per cent. 

When the percentage of organic matter for the Tsinan series was calculated 
by multiplying the organic carbon by 1.724, it was found (table 4, II) to range 
from 4.45 to 19.34, mean 10.72 <r 1.03. The organic matter present in these 
Shantung farm manures, therefore, does not exceed in amount that present 
in rich mineral soils. Because of the dilution with soil, none of these manures 
approach the organic matter content of farmyard manures as prepared in the 
west. 

It is of interest in this connection to compare three other methods of calcu- 
lating total organic matter with that based on organic carbon content. The 
first of these is loss on ignition with carbonate carbon subtracted (table 4, 1). 
The mean loss on ignition was 15.79 cr 1.31 per cent. This figure is significantly 
higher than that based on organic carbon (10.72 cr 1.03). When the per- 
centage of organic matter was calculated by multiplying the total Kjeldahl 
nitrogen by 20, the mean was 11.73 a 1.29 per cent. When NH 3 -N was sub- 
tracted before multiplying, the mean was 8 . 86 > 1.12 per cent. These last 
two means are not significantly different from each other or from the mean 
based on organic carbon. .. 
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Carbon-nitrogen ratio 

When the carbon-nitrogen ratios of the Tsinan series of samples were calcu- 
lated by the use of organic carbon (CO3-C subtracted) over organic nitrogen 
(NH 3 -N subtracted), they were found to range from 6.97 to 16.23 with a mean 
of 10,41. These C/N ratios indicate that the organic matter present is ap- 
proaching a composition which is typical of soil humus. 

TABLE 4 


Comparisons of percentages of organic matter calculated hy four different methods'^ for 16 
Shantung farm manures from Tsinan 


SAMPLE NUMBER 1 

I 

n 

III 

IV 

732 

16.20 

11.8 

6.8 

8.4 

733 

17.00 

12.9 

9.4 

11.6 

734 

12.10 

7.9 

5.6 

8.2 

735 

8.60 

4.5 

5.2 

7.4 

736 

15.80 

11.7 

8.8 

11.0 

737 

15.10 

9.3 

10.6 

12.4 

738 

22.30 

17.7 

21.4 

27.0 

739 

28.00 

19.3 

16.2 

19.6 

746 

10.80 

7.3 

6.0 

9.8 

747 

20.60 

14.7 

8,6 

12.4 

748 

8.60 

5.0 

4.8 

7.6 

749 

14.10 

10.2 

9.0 

13.4 

750 

13.10 

7.5 

5.0 

17.6 

751 

20.10 

11.8 

11.0 

13.2 

752 

18.50 

12.0 

8.2 

10.8 

753 

11.50 

7.8 

5.2 

7.2 

Mean. 

15.78 

1 

10.72 

8.86 

11.73 

Standard deviation 


of mean ........ 

1.31 

1.03 

' ■ 1.12 . 

1.29 




*1. Loss on ignition minus carbonate carbon. 

11. Organic carbon X 1.724. 

III. Organic nitrogen X 20 (Kjeldahl nitrogen minus ammoniacal nitrogen). 

IV. Kjeldahl nitrogen (organic nitrogen plus ammoniacal nitrogen) X 20. 

Analysis of organic matter 

Half of the samples used in this study were analyzed by the system of 
proximate analysis developed by Waksman and his students and co-workers 
( 10 , 11 , 12 ) and widely used by them and others to study organic matter 
changes in soils, manure, and composts. The procedures we used did not 
include ether and alcohol extractions; therefore, these fractions are not showm, 
and the water-soluble fraction is probably low. Lignin was determined by 
difference on the final residue as recommended for peat and composts ( 11 ) 
rather than for soils ( 12 ). The figures for lignin are, therefore, probably not 
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as reliable as they might be. For our purposes, however, this method gives 
very suggestive results. 

The results of these analyses are shown in table 5 both on a moisture-free 
and on an ash-free basis. They indicate that the organic matter present in 
these Shantung farm manures is very similar in its chemical nature to that 
of soil humus, as the C/N ratio has already shown. The ash content of the 
16 manures ranged from 77.10 to 92.85 per cent, with a mean of 87.01. The 

TABLE 5 

Proximate analysis of organic matter in Shantung farm manures 


Data in per cent 


SAMPLE 

NUMBER 

MOISTURE-FEEE BASIS 

ASH-FEEE BASIS 


W ater-soluble 
nitrogen 

*1 

o 

Water-soluble 
organic matter 

Hemicellulose 

Cellulose 

d 

d 

on 

ij 

Total non-ash 
material 

Water-soluble 

nitrogen 

d 

"S 

Water-soluble 
organic matter 

Hemicellulose 

Cellulose 

d 

a 

a 

206 

86.64 

0.02 

1.88 

0.35 

0.85 

1.54 

4,32 

13.36 

0.15 

14.07 

2.62 

6.36 

11.53 

32.34 

209 

92.85 

0.01 

1.00 

0.41 

0.22 

0.53 

2.81 

7.15 

0.14 

13.99 

5.73 

3.08 

7.41 

39.30 

207 

88.83 

0.003 

1.98 

0.06 

0.08 

0.88 

3.36 

11.17 

0.03 

17.73 

0.54 

0.72 

7.88 

30.08 

215 

91.28 

0.02 

1.50 

0.34 

0.22 

0.98 

2.80 

8.72 

0,23 

17.20 

3.90 

2.52 

11.24 

32.11 

216 

90.78 

jO.Ol 

1.69 

0.51 

0.58 

0.95 

3.41 

9.22 

0.11 

18.33 

5.53 

6.29 

10.30 

36.98 

218 

89.84 

0.01 

1 . 94 ' 

0.29 

0.56 

0.67 

3.41 

10.16 

0.10 

19.09 

2.85 

5.51 

6.59 

33.56 

219 ' 

88.12 

0.01 

2.19 

0.30 

0.79 

0.96 

3.25 

11.88 

0.08 

18.43 

2.53 

6.65 

8.08 

27.36 

222 

87.77 

0.00 

1.75 

0.19 

0.18 

0.85 

3.03 

12.23 

0.00 

14.31 

1.55 

1.47 

6.95 

24.78 

732 

83.35 

0.022 

2.49 

0.37 

0.48 

2.17 

4,95 

16.65 

0.13 

14.95 

2.22 

2.88 

13.03 

29.73 

734 

S 

00 

0.038 

2.33 

0.26 

0.022 

0.765 

5.35 

12.91 

0.29 

18.05 

2.01 

0.17 

5.93 

41.44 

736 

83.46 

0.047 

3.14 

0.42 

0.13 

1.92 

5.57 

16.54 

0.28 

18.98 

2.54 

0.79 

11.61 

33.68 

738 

77.10 

0.087 

7.89 

0.95 

0.76 

2.94 

7.50 

22.90 

0.38 

34.45 

4.15 

3.32 

12.84 

32.75 

746 

88.54 

0.056 

2.71 

0.29 

0.031 

0.062 

5.33 

11.46 

0.49 

23.65 

2.53 

0.27 

0.54 

46.51 

748 

91.00 

0.043 

2.11 

0.24 

0.043 

0.20 

4.13 

9.00 

0.48 

23.44 

2.67 

0.48 

. 2.22 

45.89 

750 

85.32 

0.059 

2.01 

0.37 

0,00 

0.032 

6.68 

14.68 

0.40 

T 3.69 

12.52 

0.00 

1 0.22 

45.50 

752 

80.17 

0.045 

3.09 

0.80 

0.20 

1.81 

7.14 

19.83 

0,23 

15.58 

14.03 

1.01 

. 

9.13 

! 36.01 

Mean . . . 

87.01 

0.03 

2.48 

10.38 

0.32 

1,08 

4.56 

12.99 

‘ 0.22 

: 18 . 5 C 

> 2.99 

2.59 

► 7.S4 

> 35.50 

Max 

92.85 

; 0.087 

7.89 0.95 

0.85 

2.94 

7.50 

I 22 . 9 C 

10.49 

► 34.45 

! 5.73 

6,3C 

> 13.05 

> 46.51 

Min 

77 . 1 C 

10.000 

sl . 00 j 0.06 

0.00 

0.03 

2 . 8 C 

f 7.15 

;o.oc 

> 13.65 

> 0.54 

O.OC 

) 0.22 

! 24.73 


ash-free figures reveal the nature of the organic matter present in thpe ma- 
nures. The first point indicated is the surprising degree of uniformity that 
exists between the different samples, in spite of the fact that the widest ex- 
tremes of difference of raw materials going to make composts on these 32 farms 
were included in the analyses (table 1). The second outstending point is that 
by far the greatest percentage of the organic matter present was reported as 
protein and lignin. From 13.69 to 34.45, average 18.50, per cent of the ash- 
free organic matter was protein, and from 24.78 to 46.51, mean 35.50, per cent 
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was lignin. Tiie water-soluble organic matter averaged 2.99 per cent. The 
hemicelluloses and celluloses accounted for about 10 per cent of the ash-free 
organic matter, averaging 2.59 and 7.84 per cent respectively. Since animal 
manure, refuse, and other materials were being added to the pits right up to the 
time of sampling, it seems probable that the cellulose found was largely con- 
tributed by material which had not yet had time to decompose. 

pH of manure 

The pH values of the Tsinan series of samples were determined on fresh 
wet material, by means of a Beckman glass electrode pH meter, after dilution 
with C02-free water. They were found to range from 7.21 to 9.07 and aver- 
aged 8.17. Only one or two samples, in which the pH exceeded 9, had pH 
values which did not fall within the normal range for soils in this area. The 
few high pH values found probably resulted from potash added as wood ashes. 

Minerals in manure 

The total phosphorus content of the 32 manures ranged from 0.16 to 1.21, 
average 0,47 a 0.041, per cent (table 2). When annual production per farm 
was calculated, the extreme range for the entire series was from 22 to 310 chin 
with a mean of 80.4 cr 10.1. 

Total potassium present was determined by the trisodium cobaltinitrite 
method (13). The concentration of potassium in the different manures studied 
was more uniform than was the phosphorus concentration. The extreme 
range for the entire series was 0.67 to 1.45, mean 0.87 a per cent (table 
2). The total yearly production varied from 29 to 1036 chin per farm with a 
mean of 192.8 <t 33.4 chin. 

Much of both the phosphorus and potassium present in these manures 
undoubtedly was present in the field soil brought in as diluent. 


Application of fertilizer to land 

Reference to table 1 will show that the fertilizers sampled were applied 
to from 0.7 to 12.0 mu (0.12 to 1.98 acres), and the average area fertilized was 
5.18 mu or 0.85 acres. The crops fertilized were wheat, millet, and garden 
plots. The actual applications calculated to chin per mu and pounds per acre 
are shown in table 6. The rates of application for wet materials varied be- 
tween 860 and 7,590 chin per mu or 3 and 25 tons per acre with an average of 
3,595 chin per mu or about 12 tons per acre. These amounts of wet material 
carried from 25.8 to 144, mean 65.4 <r 4.6, pounds of ammoniacal and organic 
nitrogen per acre and from none to 16, mean 2.9 o* 0.75, pounds of nitrate 
nitrogen, or a grand total of from 25.8 to 144.5, mean 68.3 <t 4.73, pounds of 
organic and inorganic nitrogen per acre. In terms of chin per mu, the appli- 
cation of nitrogen for the 32 farms ranged from 3.85 to 21.6, mean 10.21 cr 
0.71; phosphorus from 3.97 to 24.6, mean 11.01 cr 0.96; and potassium from 
72 to 52.48, mean 22.69 <r 1.81. 
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Accurate evaluation of the adequacy of applications of these magnitudes 
is prevented by a number of unknown factors. Chief of these is the degree 
and rapidity of availability of the major constituents present in the soil com- 
post. It seems likely that the nitrogen is slow in becoming available, though 
this is somewhat offset by the fact that the applications of this fertilizer are 
made every year or, in some cases when soybeans are to be grown in the rota- 
tion, once every two years, and consequently the residual effect of previous 
applications tends to remain in the soil. This, in turn, is reduced by leaching 
of nitrates, though the nature and the amount of the rainfall in this area 
probably prevent excessive losses from this source. 

The degree of availability of the phosphorus and potassium present is un- 
known, though it is likely also to be very low. Analyses of 11 samples of soil 

TABLE 6 


Rates of applications to land of fertilizer constituents on 32 Shantung farms 




CHIN PER MU 



POUNDS PER ACRE 



Maximum 

Mini- 

mum 

Mean 

Stand- 
ard de- 
viation 
of mean 

Maximum 

j 

Minimum 

Mean 

Standard 
deviation 
of mean 

Total wet i 

7,590 

860 

3,595 

30 

50,800 

5,700 

24,731 

1,742 

weight 

Total organic 

21.5 

3.9 

9.78 

0.70 

144.0 

25.8 

65.42 

4.61 

nitrogen 
Nitrate nitro- 

2.39 

0,0 

0.434 

0.11 

16.02 

0.0 

2.91 

0.75 

gen 

Total organic 

21.6 

3.85 

10.21 

0.71 

144.54 

25.79 

68.33 

4.73 

and inorganic 
nitrogen 
Phosphorus, 

24.6 

3.97 

11.01 

0.96 

164.5 

26.56 

73.45 

6.41 

P 2 O 6 

Potassium, K 2 O 

52.48 

4.72 

22.69 

1.81 

1 

351.15 

31.58 

151.97 

12.16 


from this region such as that used by the farmers in their compost pits averaged 
0.114 per cent P 2 O 6 on the oven-dry basis. Thorp (8) found 0.09 per cent of 
P2O5 in the ^%poil” layer of a Shantung brown soil near Weihaiwei in Eastern 
Shantung. Our series of 32 farms manures, however, ranged from 0.16 to 
1.21, mean 0.47, per cent phosphorus, thus showing a considerable increase 
in this element in the composting. Since only one sixth of the P 2 O 6 in Western 
farm manure is considered to be easily available, it seems likely that no more 
than one tenth to one twentieth of the P2O5 in these composts is easily avail- 
able. Much of the K 2 O present in these soil composts also was added with 
the soil. Thorp found 0.45 per cent of total K 2 O in the aforementioned 
Weihaiwei soil, and Wagner (9) found an average of 0.27 per cent potassium 
in 15 Shantung soils which he analyzed. Analyses of samples of soil in this 
laboratory averaged 0.25 per cent K 2 O. Our manures, however, averaged 
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0.87 per cent, with a range of from 0.67 to 1.45. This increase of K 2 O in the 
composts is due to the large amounts of straw ashes which are added to the 
pits. It seems probable that no more than one fourth to one third of the K 2 O 
is easily available. The degree of availability of phosphorus and potassium 
in these farm manures is now being studied. 

Another unknown factor is the fertilizer need of the soils to which these 
manures were applied. The Central Agricultural Extension Committee of 
the Ministry of Industry makes the following general recommendations for 
fertilizer applications on average soils in China (5) : 15 chin of nitrogen, 12 chin 
of phosphorus, and 12 chin of potassium for each mu of millet; 14 chin of nitro- 
gen, 10 chin of phosphorus, and 8 chin of potassium for each mu of wheat; and 
12 to 20 chin of nitrogen, 6 to 14 chin of phosphorus, 8 to 16 chin of potassium 
for each mu of vegetables, depending on the crop. 

If we take these recommendations as a standard for comparison and ignore 
the problem of availability, we find that 14, or 44 per cent, of the farms studied 
applied nitrogen very short of the recommendation (from one-third to a little 
over one-half the recommended amount); 11, or 34 per cent, made applica- 
tions a little short of the recommendation (from two-thirds to three-fourths 
of the recommended amount) ; only 7, or 22 per cent, applied amounts equal 
to the recommendation; and none exceeded the recommendations for the crops 
being grown. 

The picture for phosphorus is somewhat better, 14, or 44 per cent, making 
very short applications; 10, or 30 per cent, making slightly short applica- 
tions; 4, or 13 per cent, making adequate applications; and 4, or 13 per 
cent, making applications in excess of the recommendation. When low avail- 
ability is taken into account, however, probably none of the farms were 
supplying adequate amounts of P 2 O 6 in their fertilizers. 

The picture in relation to potassium is still better. Only 2, or 6 per cent, 
of the farms made applications very short of that recommended for this 
element; only 1, or 3 per cent, made slightly short applications; 3, or 9 per 
cent, made applications equal to the recommendation; and 26, or 81 per cent, 
applied quantities well in excess of the amount recommended. Again the 
limited availability of the ^20 probably results in the applications of this 
element being no more than enough even where the most satisfactory level 
is attained. 

The average application of organic matter, no less than 434 chin per mu 
or nearly 2900 pounds per acre, for these 32 farms is surprisingly high. Ac- 
cording to Bear (2, p. 315), this amount is almost half again as much organic 
matter as the average American farmer succeeds in applying in farmyard 
manure to his land each year. When it is remembered that virtually no crop 
residues are returned to Shantung soils because of the necessity of using even 
roots for fuel, it is obvious that these applications are far from adequate. 

The indications given by these 32 farms would seem to show that the 
amounts of nitrogen being applied are definitely inadequate in a large per- 
centage of the farms of Shantung. Phosphorus is being applied in inadequate 
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amounts, though the reserve in the semiarid North China soils is likely to be 
sufficient to offset this lack. The applications of KgO very likely are suffi- 
cient to prevent this factor from being seriously limiting. The urgent need 
for more organic matter for North China soils is stressed by all workers [cf. 
Buck (4, p. 4), Thorp (8, p. 437)]. 

From the point of view of agricultural sanitation, this study serves to indi- 
cate that more adequate conservation of the nitrogen present in human and 
household wastes and an increase in the amount of organic matter which may 
be made available for the soil constitute the pressing fertilizer needs of this 
area. This is true in spite of the fact that present methods aim to conserve 
human excrement for use as fertilizer. There is evidence, which will be 
presented in succeeding papers, to show that at least half of the nitrogen con- 
sumed in food on the farm is lost. At the same time these methods make 
possible very high morbidity and mortality rates from fecal-borne diseases. 
Work now in progress holds hope that nitrogen conservation may be improved 
and organic matter increased as well as fecal-borne diseases reduced by the 
application of improved methods of composting. 

SUMMARY 

This paper reports studies made on ‘^soil compost” from 32 farms in West 
Shantung, China. The results were as follows: 

An average of about IS metric tons of soil compost is produced annually per farm. 

The concentration of total organic and inorganic nitrogen ranged from 0.196 to 1.355, 
with an average of 0.45 <r 0.042, per cent. The production of nitrogen per farm ranged from 
20.5 to 453.0, average 83.1 <r 13.73, chin (500 gm.). 

The total carbon averaged 5.69 <x 0.42 per cent, carbonate carbon, 0.64 <r 0.08 per cent; 
and organic matter based on organic carbon for the Tsinan series ranged from 4.45 to 19.34, 
mean 10.72 <r 1.03, per cent. 

The C/N ratios for the Tsinan series of manures ranged from 6,97 to 16.23, mean 10.41. 

Organic matter present resembled soil humus, as shown by proximate analysis. 

The pH of the manures ranged from 7.21 to 9.07 and fell within the range of soils of this 
area for the most part. 

The concentration of total phosphorus as P 2 O 6 ranged from 0.16 to 1.21, mean 0.47 <r 
0.041, per cent. Production per farm averaged 80.4 cr 10.11 chin, with a range from 22 
to 310. 

Potassium made up from 0.67 to 1.45, mean 0.87 <r 0.03, per cent of the samples. Pro- 
duction per farm ranged from 29 to 1036, average 192 o- 33,4, chin. 

Though the applications of these manures varied between 3 and 25 tons per acre, averaging 
12 tons, yet the low concentration and probable low availability result in inadequate fertili- 
zation in the great majority of cases. 

The chief fertilizer needs of North China farms are better conservation of nitrogen and 
more organic matter. 
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Previous results (19, 20) in the study of the role of potassium in plants 
indicated that some phase of the nitrogen metabolism was adversely affected 
by potassium deficiency but did not definitely prove which stage was checked. 

A more detailed study of the nitrogen and carbohydrate metabolism of 
potassium-deficient plants was therefore conducted. Harvests were made at 
weekly or biweekly intervals, particularly during the early stages of potassium 
deficiency, so that the effects of proteolysis which occur in plants exhibiting 
severe deficiency symptoms might be avoided. In early deficiency stages the 
minus-potassium plants were only slightly smaller than the complete plants; 
therefore, concentration effects which could produce conflicting results were 
partly avoided. 

A series of experiments was conducted with ammonium and nitrate nitrogen 
to compare the effects of potassium deficiency with different sources of nitro- 
gen. Furthermore, it was thought that the use of ammonium as a source of 
nitrogen would give definite information on the role of potassium in the 
nitrogen metabolism of the plant, since the steps of nitrate to nitrite to am- 
monia would be eliminated. It has been claimed that potassium deficiency 
checks the reduction of nitrates to ammonia (8). 

Young Rutgers tomato seedlings selected for uniformity were set in sand, 
two plants in each crock, March 23, 1938. The plants were supplied with dis- 
tilled water for one week, and were then supplied with nutrient solutions by 
means of a constant drip arrangement as previously described (20). The 
plants were divided into four series of 100 plants each, as follows: l~plus 
potassium with nitrate nitrogen; 2 — minus potassium with nitrate nitrogen; 
3—plus potassium with ammonium nitrogen; and 4 — minus potassium with 
ammonium nitrogen. 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, division of 
horticulture. 

® The author wishes to acknowledge the constant aid and advice of V. A. Tiedjens during 
the course of this investigation and to express thanks also to L. G. Schermerhorn for making 
facilities available and to the American Potash Institute for financial aid. 
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In order to avoid the possible complicating effects of the drain of nutrients 
to the fruitSj the plants were not allowed to set fruit. The ammonium plants 
were grown at pH 6.0^ as recommended by Tiedjens (14), This pH was 
secured' by the use of appropriate mixtures of CaH4(P04)2 and K2HPO4 and, of 
CaH4(P04)2 and Na2HP04. In addition, the pots containing the plants were 
flushed once a day with a solution containing the respective phosphate buffers 
in proportions which would give a pH of 6.2, because over a period of 24 hours 
.the initial pH tended to drop to 5.8. 

The nutrient solutions (tables 1 and 2) were made up from 0.5 M stock 
solutions, with the exception of Na2HP04 which was 0.25 M and CaH4(P04)2 
which was 0.1 M. 

TABLE 1. 


Nitrate series’— partial volume molecular concentrations of nutrient solutions 


SERIES 

XH 2 PO 4 1 

NaH2P04 

Ca(N03)2 ' 

CaCL 

Mg(NOs )2 

MgSOi 

1 

.0045 


.0045 

.0045 

.0023 

.0023 

2 


.0045 

.0045 

.0045 

.0023 

.0023 


TABLE 2 

Ammonium series — partial volume molecular concentrations of nutrient solutions 


SERIES i 


NasHPOi 

CaCL 

CaHiCPOOs 

MgSOi 

:'(NH4)2S04 

3 

.0028 


.0023 

.0023 

.0023 

.0014 

4 


,0025 

.0023 

,0023 

.0023 

.0014 

3* 

.0053 


.0023 

.0023 

.0023 

.0014 

4* 


.0044 

.0023 

.0023 

.0023 

.0014 


* Daily flush. 


Twenty plants from each series were taken at each harvest, at which time 
the height and the green weight of the plants were determined. They were 
then carefully fractionated into leaf and stem samples from upper, middle, 
and lower portions of the stem. The upper leaves in all series consisted of the 
uppermost cluster, which was young and contained much meristematic tissue. 
The middle leaves in all series were taken from the compound leaf nearest 
the middle of the plant. Usually the three blades at the extreme end of the 
leaf were sufficient for analysis. The lower leaves, selected from the complete 
plants, were comparable in age to those plants of the potassium-deficient 
ammonium or nitrate series. The lower leaf, at the base of the potas- 
sium-deficient plant, which had not died was selected. The terminal blades 
were then used for analysis, as in the case of the middle leaves. Three centi- 
meters of the extreme tip, middle, and base of the stems were used for stem 
aliquots. By this method of fractionation it was hoped to separate meriste- 
matic from mature and very old tissue, and thus accurately study the effects 
of potassium in the various regions of the plant. 
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CHEMICAL METHODS 

On account of the number of harvests and the large number of plant frac- 
tionations, it was necessary to preserve the harvested tissue. After the plants 
were fractionated at the various harvests, therefore, each plant fraction was 
immediately weighed and rapidly dried in an oven at 75-80"^ C. Though this 
method may be open to objection from the standpoint of the possible effects 
on the nitrogen fractions, Vickery et al. (17) and Clark (2) have used it in 
extensive investigations and give data to prove the validity of the drying 
method for tobacco and tomato tissue. The dried plant material was weighed 
and the percentage dry weight calculated from the original fresh weight. 
Because of the small sample the tissue was ground with a mortar and pestle. 
The tomato leaves could be ground to a very fine powder. The stem tissue 
was not so finely ground, but the results of replicate nitrogen and carbohy- 
drate analyses showed that no loss in accuracy was entailed. 

On account of the very small amounts of dried tissue available in most cases, 
semimicroanalytical methods were used to determine nitrogen and carbo- 
hydrate fractions. 

Nitrogen fractions 

Total nitrogen. Total nitrogen was determined by a micromodification of 
the Ranker (10) method. When nitrates were present, 10-20 mgm. of dried 
tissue was placed in a microdigestion flask, 1 cc. of sulfuric-salycilic acid mix- 
ture (30 gm. of salycilic acid per liter of concentrated sulfuric acid) and 3 cc. 
of sulfuric acid-selenium mixture (7 cc. of selenium oxychloride per liter of 
concentrated sulfuric acid) were added. A few crystals of potassium sulfate 
and about 0.1 gm. of sodium thiosulfate were then added. The flasks were 
heated with a very small flame of a microburner in order to avoid excessive 
frothing. The flame was gradually increased and finally turned on full. A 
complete digestion usually took from one to two hours. The procedure was 
similar for tissue containing no nitrates, but no sulfuric-salycilic acid mixture 
or sodium thiosulfate was added, a full flame could be used at once, and di- 
gestions were usually completed within half an hour. The contents of the 
flasks were washed into a Pregl microdistillation apparatus, and 10-12 cc. 
of approximately 50 per cent NaOH was added. The ammonia was distilled 
into 0.02 V HCl and titrated with 0.02 N NaOH by means of a microburette. 
Blank determinations were run each day. Duplicates usually checked within 
0.1~0.2 per cent on an absolute basis. The method was checked on samples, 
the total nitrogen of which had been determined by macro-Kjeldahls. Very 
satisfactory agreement was obtained between the micro- and the macroresults. 

Nitrate nitrogen. Approximately SO-mgm. duplicate samples each were 
placed in a 100-cc. beaker to which 20 cc. of water was added. The suspen- 
sion was stirred on a boiling water bath for IS minutes, and 0. 1-0.2 gm, of 
charcoal was added to remove coloring matter. After a few minutes the sus- 
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pension was filtered into an evaporating dish. The residue was washed 
several times with a few milliliters of hot water until the washings gave no 
test for the nitrate ion with diphenyiamine. The filtrate in the dish was 
evaporated to dryness on a steam bath^ and nitrate determined by the phenol- 
disulfonic acid method ( 6 ), Nitrates were not found in the plants grown with 
ammonium nitrogen, and hence were not determined on such samples. 

Soluble organic nitrogen. In a iSO-cc. beaker, 0.5-1 gm. of dried material 
was stirred to a paste with a small quantity of water. Approximately SO 
cc. of water was added, and the suspension was stirred constantly at 80°C. 
for 10 minutes. According to Vickery et al. (18), this procedure will com- 
pletely extract soluble organic fractions from plant material and will not hy- 
drolyze the amide glutamine. The suspension was filtered with suction on 
a Buchner funnel, and the residue was washed several times with a few milli- 
liters of hot water until the washings gave a negative test for nitrates with 
diphenyiamine or, in the case of plants with ammonium nitrogen, a negative 
Nessler's test for ammonia. The filtrate was made up to 100 cc., a few drops 
of toluene were added, and the solutions were kept in the cold storage room 
until analyzed, within two to three days. 

Total soluble nitrogen. Five-milliliter aliquots were placed in a microdiges- 
tion flask and carefully reduced in volume to 1 or 2 cc. over a free flame. 
The flasks were then put in a boiling water bath and connected to a water 
suction pump. The pump was cautiously turned on, and gradually the 
vacuum was increased. The material in the flasks could be evaporated to 
dryness in less than five minutes by this method. From this point the pro- 
cedure was the same as for total nitrogen. 

Ammonium nitrogen. Ten-miUiliter aliquots were used for the determina- 
tion of ammonium nitrogen by the method of Pucher et al. ( 9 ). The am- 
monia was caught in 0.01 N HCl and titrated with 0.01 N NaOH by means of 
a microburette. 

Total amide nitrogen. Depending upon the amount of free ammonia found 
previously, 10 - or 20 -cc. aliquots were hydrolyzed for 3 hours on a boiling 
water bath with 6 V H 2 SO 4 according to the method of Pucher et al. ( 9 ). The 
acid was neutralized, and the free ammonia was determined as above. Total 
amide nitrogen was calculated as the difference between the total ammonia 
found after hydrolysis and the ammonium nitrogen previously determined. 

Amino nitrogen. The alkaline residue remaining from the amide deter- 
mination was made slightly acid with glacial acetic acid and washed into a 
150-cc. beaker. The solution was evaporated below 25 cc. and then trans- 
ferred to a 25-cc. volumetric flask and made to volume. Ten-milliliter dupli- 
cates were used to determine amino nitrogen by the Van Slyke method. 

Other fractions. Protein nitrogen was calculated as the difference between 
total nitrogen and total soluble nitrogen. Soluble organic nitrogen was cal- 
culated as the difference between total soluble nitrogen and nitrate nitrogen. 
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Carbohydrate fractions 

Duplicate 0.1-gm. samples were extracted .with 80 per cent alcohol as previ- 
ously described (20). The alcoholic suspension was filtered and washed with 
hot 80 per cent alcohol. Water was added to the alcoholic filtrate and the 
alcohol boiled off. The filtrate was made up to a volume of 50 cc., cleared 
with lead acetate, and deleaded with sodium oxalate as in the previous experi- 
ment. Reducing sugars and total sugars were determined on 5-cc. aliquots 
by the method of Van der Plank (16). Sucrose was calculated as the differ- 
ence between total sugars and reducing sugars. 

The residue from the alcoholic extract was treated for starch as described 
previously (20). Since hemiceUulose had been found to be low in tomatoes, 
the hemiceUulose fractions were not separated from the starch fractions. The 
final solution was made up to a volume of 100 cc., cleared, and deleaded, and 
5-cc. aliquots were taken for glucose determinations according to the method 
of Van der Plank (16). Starch plus hemiceUulose was calculated in the terms 
of the glucose found. 

RESULTS 

Growth results 

The growth of the plants of series 1 (nitrate and potassium) and series 2 
(nitrate without potassium) was similar to that of the plants in previous ex- 
periments (19, 20). The plants in both series rapidly turned green after re- 
ceiving the nutrient solutions, and for some time both series made almost 
equal growth. By April 19, however, 20 days after receiving the initial minus- 
potassium solution, the plants in series 2 showed retarded growth, hardness, 
and yellowing of the leaves. By May 5, 36 days after receiving the minus- 
potassium nutrient solution, the plants of series 2 were showing typical rust- 
colored spots on the lower leaves. At the last harvest, May 27, many of the 
lower leaves of these plants were dying, exhibiting the extreme symptoms of 
potassium deficiency. 

The plants of series 3 (ammonium and potassium) and series 4 (ammonium 
without potassium) displayed a type of growth which differed markedly from 
the nitrate series. These plants turned green very rapidly when given the 
nutrient solutions, but made a softer, less vigorous growth than the plants of 
the nitrate series. The plants of both series 3 and 4 made a similar growth 
until April 16. Then all the leaves on the minus-potassium plants very sud- 
denly began to die. Rust-colored spots were not noticed on these leaves, nor 
was injury restricted to the lower leaves. By April 19, very marked symp- 
toms had developed. After these plants were harvested, a new series of plants 
supplied with ammonium nitrogen was started. The tomato seedlings were 
set in sand April 21 and given nutrient solution April 28. By May 5, the new 
plants of series 4 showed the early breakdown symptoms of the previously 
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grown plants. By May 27, at the last harvest, more than two-thirds of the 
leaves on these plants were dead. At this time the plants of series 3 were in 
excellent condition, the foliage being dark green and the stems succulent. The 
potassium plants were much larger than the potassium-deficient plants sup- 
plied with ammonium. The heights and green weights of both the nitrate 
and ammonium plants over the course of the experiment are shown in table 3. 

The results of the April 19 harvest show clearly that the nitrate series made 
better growth than the ammonium series. Indeed, the nitrate plants without 
potassium were larger at this time than the ammonium plants with potas- 
sium, although it is doubtful whether this relationship would exist over a pro- 
longed period. In both the nitrate and ammonium series the effect of potas- 
sium deficiency was to lower greatly the green weights and to a less degree 
the heights of the plants. The very rapid effect of potassium deficiency on 
the plants supplied with ammonium may be illustrated by the following 


TABLE 3 

Average height and green weight of plants grown with ammonium and nitrate nitrogen with and 

without potassium 


DATE 

SERIES 1 

SERIES 2 

SERIES 3 

SERIES 4 


Height 

Weight 

Height 

Weight 

Height 

Weight 

Height 

Weight 


cm. 

gm. 

cm. 

gm. 

cm. 

gm. 

cm. 

gm. 

3/30/38 

26.0* 

28.4* 







4/19/38 

52.0 

106.5 

\ 44.3 

72.8 

40.3 

55.5 

38.3 

49.6 

4/28/38 

62.0 

185.8 

53.5 

116.4 

23.3* 

i 19.8* 



5/ 5/38 

76.5 

283.7 

69.8 

171.7 

23.5 

i 24.3 

22.8 

22.9 

5/13/38 

8'9.3 

434.3 

81.0 

211.8 

38.8 

: 53.3 

33.5 

‘ 29.8 

5/27/38 

103.8 

547.7 

95.2 

294.3 

53.3 

85.2 

43.5 

36.6 


* Original harvest just before application of initial nutrient solution. 


facts: The plants of series 2 had slightly more than half the green weight of 
those of series 1 after 58 days. At 29 days the corresponding plants of series 
4 had less than half the green weight of those of series 3. 

From these results, it would seem that the rapid accumulation of am- 
monium in the potassium-deficient ammonium plants is responsible for the 
rapid deterioration of the tissue. Moreover, these effects were not due to an 
unfavorable pH of the nutrient solution. The effects of ammonium in potas- 
sium deficiency are clearly depicted in plate 1. 

It has been shown that tomato plants supplied with ammonium nitrogen 
will not grow well because they cannot assimilate ammonium nitrogen at a 
pH below 6.0 (14). Both the complete and the minus-potassium plants at 
pH 5.0 were hard, yellow, and stunted. There was, however, little leaf break- 
down. Indeed, as can be seen from plate 1, there were only slight differences 
in size and appearance between the complete and the minus-potassium am- 
monium plants grown at pH 5.0. Very different was the situation in the case 
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of complete and potassium-deficient plants grown at pH 6.0. The ammonium 
plants receiving complete potassium were growing vigorously. The tomato 
plants which had received no potassium not only made much slower growth j 
but in addition almost two-thirds of the leaves were dead or dying. The 
breakdown symptoms on the leaves of the minus-potassium plants appeared 
very suddenly and spread rapidly. The symptoms were different from those 
appearing on potassium-deficient plants supplied with nitrate and appeared 
in a much shorter period. It is evident, then, that these toxic effects appeared 
only in potassium-deficient plants grown at a pH at which ammonium ions 
could be assimilated. The toxic effects could not be due to the external 
ammonium concentrations, since the plants with potassium at pH 6.0 grew 
well, or to potassium deficiency alone, since potassium-deficient plants supplied 
with nitrate had different deficiency symptoms which did not appear in so 
short a time. The high internal concentration of ammonium ions of the po- 
tassium-deficient plants was undoubtedly responsible for the severity of the 
deficiency symptoms. The fact that ammonium ions absorbed by the po- 
tassium-deficient tomato plants were not readily assimilated soon resulted in 
an internal concentration of ammonium, the nature of which is discussed 
elsewhere in this paper. 

Elongation of the stem was much less affected than green weight by potas- 
sium deficiency in both nitrate and ammonium experiments, a finding which 
agreed with results of the previous experiment. This diminution in green 
weight is due partly to the failure of potassium-deficient plants to synthesize 
food reserves. 

Nitrogen metabolism 

Some of the results for the nitrogenous fractions^ are shown in tables 4 and 
5, and in figure 1. The distribution of nitrogen in the plant fractions varied 
widely. Protein nitrogen was much higher in the leaves than in the stems. 
The upper leaves had a higher protein content than the middle leaves, which 
in turn had a higher protein content than the lower leaves. The same rela- 
tionship held for the upper, middle, and lower stem tissue. The stems were 
much higher in soluble organic nitrogen than the leaves. The middle of the 
stems had the highest soluble organic nitrogen concentration. The tips of 
the stems were, as a rule, higher in soluble organic nitrogen content than the 
base of the stems. The differences among the three leaf fractions were not 
so marked as in the stem fractions. 

The middle stem portions seem to contain the greatest concentrations of 
reserves or temporarily unassimilated nutrients. Ammonia, amide, amino, 
and nitrate nitrogen are very high in this plant fraction, and soluble sugars 
and starch are also present in high concentrations. 

^ N found to be very high in all the stem fractions of plants grown 

3 More detailed data supplementing those presented in this discussion may be found in the 
author’s thesis filed in the library of Rutgers University. 
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TABLE 4 

Comparison of the chemical composition of tomato plants receiving adequate and potassium- 
deficient nutrient solutions containing nitrogen only in nitrate form 
Data expressed as percentage of dry matter 



20 DAYS 

36 DAYS 

S8 DAYS 

Sol. org. N 

Protein N 

W 

iz; 

Total sugars 

Total carbo* 
hydrates 

Sol. org. N 
Protein N 

i 

Total sugars 

Total carbo- 
hydrates 

Sol. org. N 
Protein N 

ta 

Total sugars 

Total carbo- 
hydrates 

Upper leaves + K. • - 

.20 

.033 

3.14 

10.88 

0.24 


3.85 

16.25 

0.21 

.034 

4.55 

20.33 

Upper leaves — K. . . 

.20 

.037 

4.41 

15.03 

0.25 

.021 

6.51 

17.77 

0.18 

.011 

4.01 

20.65 

Middle leaves -f K. . 

.11 

.051 

2.77 

11.37 

0.27 

.029 

3.00 

10.62 

0.38 

.032 

3.16 

10.98 

Middle leaves — K. . 

.25 

.032 

3.44 

12.44 

0.37 

.059 

4.21 

9.79 

0.42 

.050 

4.73 

11.85 

Lower leaves + K . . . 

.11 

.048 

1.43 

5.23 

0.32 

.035 

1.67 

6.45 

0.41 

.025 

1.29 

7.07 

Lower leaves — K . . . 

.36 

.038 

1.94 

7.94 

0.46 

.049 

3.95 

8.93 

0.31 

.043 

4.55 

10.55 

Upper stems + K . . , 

.15 

.029 

2.81 

10.11 

0.32 

.045 

7.96 

14.88 

0.42 

.027 

7.47 

16.49 

Upper stems — K . . . 


. 

.055 

4.39 

11.81 

0.45 

.083 

8.85 

17.47 

0.35 

.050 

6.59 

13.89 

Middle stems -f K . . 

.51 

.030 

4.77 

12.67 

0.58 

.061 

8. 85 

16.47 

1.36 

.110 

11.13 

24.11 

Middle stems — K . . 

.72 

.061 

6.90 

13.83 


1.210, 

9.09 

18.83 

1.93 

.390 

5.27 

11.87 

Lower stems -f- K . . . 

.62 

.018 

10.10 

28.46 

0.66 

.049 9.50 

*26.40 

1.08 

.130 

7.89 

28.13 

Lower stems — K . . . 

.60 


11.77 

1 

35.03 

1 

1.03 

.1408.29 

29.25 

1.64 

.300 

6.59 

22.45 


TABLE 5 

Ccnnparison of the chemical composition of tomato plants receiving adequate and potassium- 
deficient nutrient solutions containing nitrogen only in ammonium form 
Data expressed as percentage of dry weight 





7 DAYS 




IS DAYS 




29 DAYS 



*^1 

*3 

CO, 

Protein N 

i3 

Total sugars 

Total carbo- 
hydrates 

Jz; 

o 

*0 

CO 

Protein N 

s 

Total sugars 

Total carbo- 
hydrates 

ti 

ii 

O 

•o 

CO 

Protein N 

s 

!2; 

Total sugars 

Total carbo- 
hydrates 

Upper leaves + K. . • 

0.25 

.064 

2.49 

20.19 

0.33 

.032 

5.73 

19.71 

0.22 

.034 

1.25 

12.75 

Upper leaves — K. . . 

0,21 

.067 

4.67 

23.67 

0.25 

.051 

2.79 

18.13 

0.32 

.110 

2.13 

15.07 

Middle leaves + K. . 

0.32 

.076 

3.26 

30.60 

0.46; 

.120 

7.37' 

20.95 

0.39 

.120 

3.81 

11.35 

Middle leaves — K. . 

0.42 

.056 

4.81 

34.21 

0.46 

.300 

4.71 

15.45 

0.43 

.510 

2.00 

9.50 

Lower leaves 4- K. . . | 
Lower leaves — K. . , 






0.46 

.085 

6.77 

15.87 

0.44 

.160 

3.00| 

9.32 

Upper stems + K. . . 

' 0.35 

.077 

2.59 

9.31 

0.46 

.015 

5.11 

13.89 

0.45 

,180 

0.75 

6.87 

Upper stems — K . . . 

0.82 

.089 

7.03 

16.93 

0.65 

,200 

2,83 

12.17 

1.09 

.210 

0.85 

7.57 

Middle stems + K . . 

0.86 

,023 

14.66 

29.80 

1.39 

.110 

10.42 

18.44 

0.91 

.220 

3.91 

12.81 

Middle stems — K . . 

1. 

13 

.062 

21.80 

38.70 

1.43! 

.360 

8.35 

18.01 

1.50 

1. 560 

3.06 

,10.56 

Lower stems + K . . . 

0.64 

.029 

13.77 

36.43 

1 1.03 

.070 

12.22 

25.96 

0.76 

1.140 

4.01 

20.01 

Lower stems — K. . . 

1,04| 

.037 

00 1 

38.94 

' 0.85 

.120 

11.19 

24.93 

1.40 

L250 

5.21 

14.95 


with nitrate nitrogen. In the leaves, however, it was very low and, indeed, 
was absent in most cases from the leaves of the upper portions of the stems. 
Since the upper leaves are probably centers of intense synthetic activity. 
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it is not surprising to find nitrate nitrogen absent, but the high concentrations 
present in the meristematic tissue of the upper stem region would seem to 
show that the S3mthetic activities in this region differ in nature or intensity 
from those in the tip leaves. 



Middle Leave s--jammoriia N Middle Steins --Ajnmoni a N 



Fig. 1. Nitrogenous Fractions oe Tomato Plants Supplied with Nitrate and 
Ammonium Nitrogen Nutrient Solutions with and without Potassium 

1 — Nitrate nitrogen with potassium. 

2 — Nitrate nitrogen without potassium. 

3 — ^Ammonium nitrogen with potassium. 

4 — Ammonium nitrogen without potassium. 

The distribution of nitrogen in general, as mentioned above, was not altered 
by the source of nitrogen (nitrate or ammonium), although the plants supplied 
with ammonium nitrogen tended to have higher soluble organic concentrations 
and lower protein concentrations than the nitrate plants. Neither did po- 
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tassium deficiency alter the general nitrogen distribution, but did cause very 
noticeable differences in the concentrations of the various nitrogenous fractions. 

The minus-potassium plants in both the nitrate and ammonium series in 
general showed a higher total nitrogen content throughout the course of the 
experiments. On the other hand, the concentration of protein nitrogen in 
the first weeks of the experiment was usually lower in the potassium-deficient 
plants. During the later stages of the experiment, protein nitrogen increased. 
This increase in protein nitrogen may be brought about by the smaller size 
of the potassium-deficient plants in comparison to the plants receiving potas- 
sium. Therefore, the decreased concentration in protein nitrogen in the 
early period of the experiment when the potassium-deficient plants were 
not much smaller than the plants receiving potassium, may be very significant. 
Moreover, the ratio of soluble organic nitrogen to protein nitrogen was almost 
always much higher in the potassium-deficient plants than in the plants re- 
ceiving potassium in both the nitrate and ammonium series. This ratio was 
almost the same, however, in the meristematic upper leaves, and indeed the 
value of this ratio remained remarkably constant throughout the course of 
the experiment. 

Soluble organic nitrogen was much higher in the potassium-deficient plants 
of both the nitrate and ammonium series than in those supplied with the 
complete nutrient solutions. During the later weeks of the experiment this 
accumulation may have been partly due to the proteolysis occurring in 
the potassium-deficient leaves. This increase in soluble organic nitrogen, 
however, was also found in the early stages of potassium deficiency when 
leaf proteolysis was not occurring at a rapid rate. It was least apparent in 
the upper leaves of the minus-potassium plants. 

No accumulation of nitrates could be found in the potassium-deficient nitrate 
plants. Ammonium, amide, and amino nitrogen did accumulate, particularly 
in the middle stems, whereas there was a decrease, in many cases, in the actual 
protein, and in almost all cases in the relative protein concentration. In the 
ammonium series, ammonium, amide, and amino nitrogen accumulated, and 
protein decreased. It is very significant that in both the nitrate and the 
ammonium series, carbohydrates accumulated. This accumulation of soluble 
organic nitrogenous fractions and carbohydrates must have begun in the 
very early stages of potassium deficiency, before any external signs of this 
deficiency appeared. The evidence presented clearly proves that limiting 
potassium retards nitrogen metabolism of the tomato plant, and indirectly 
proves that this occurs before the carbohydrate metabolism is affected. Car- 
bohydrates would not accumulate if the nitrogen metabolism were not af- 
fected first. The accumulation of carbohydrates in the ammonium series 
and of ammonium in both the ammonium and nitrate series, and the failure 
of nitrates to accumulate in the minus-potassium series (actually the nitrate 
concentration was lower than that in the plants supplied with potassium) j 
would seem to prove that the reduction of nitrates to ammonia is not affected 
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by potassium deficiency nor is it the cause of the accumulation of carbohydrates 
by the potassium-deficient plants. The hypothesis that potassium deficiency 
interferes with the synthesis of protein from an elaborated source of nitrogen 
is supported by the results of this investigation, i.e., accumulation of soluble 
organic nitrogenous and carbohydrate fractions in both the nitrate and am- 
monium series coupled with the decrease in actual and, particularly, relative 
protein concentrations in both series. This is elaborated further in the 
discussion. 

Carbohydrate results 

Results for some of the carbohydrate fractions are shown in tables 4 and 5. 
The distribution of these fractions varied according to the part of the plant 
analyzed. The stems were much higher in the reducing sugars, sucrose, and 
starch than the leaves. The lower stems usually had the highest total carbo- 
hydrate content, due to their large reserves of starch. The upper leaves 
had the highest total carbohydrate content of the leaf fractions, due also to 
the high starch concentrations present. There was little sucrose present in 
the tomato leaves, almost all of this fraction being concentrated in the middle 
and lower stems. 

Wliether nitrate or ammonium was supplied or whether a deficiency of 
potassium existed did not alter the general carbohydrate distribution. As the 
experiment progressed, carbohydrates tended to increase with nitrate and to 
decrease in the tomatoes grown with ammonium. This result was to be 
expected, since ammonium seemed to be assimilated much more rapidly than 
nitrate by the plant, and consequently carbohydrates were utilized more 
rapidly by the ammonium plants. 

The potassium-deficient plants in both the nitrate and ammonium series 
accumulated carbohydrates in the first few weeks of the experiment. The 
light conditions were very good during the course of this experiment, and as 
a result the potassium-deficient plants continued to accumulate carbohydrates 
until the last weeks of the experiment, when the carbohydrate concentrations 
began to decrease in a manner similar to that previously found (20). In 
the nitrate series, carbohydrates decreased more in the minus-potassium 
plants than in the potassium plants after receiving nutrient solution for 36 
days. The ammonium series, on the other hand, began to show a similar 
decrease after 15 days. The tendency was for the carbohydrate concentrations 
in the leaves of the potassium-deficient plants to be maintained at the expense 
of the stems, where the carbohydrate concentrations fell to low values by the 
end of the experiment. The evidence indicates that reducing-sugar content 
in all the potassium-deficient plant fractions was maintained in the final stages 
of the experiment at the expense of starch and sucrose. These latter carbo- 
hydrates were very low in the stems of the potassium-deficient plants of both 
series in the last weeks of the experiment, whereas reducing sugars were main- 
tained at comparatively high concentrations. 
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The explanation for the accumulation of carbohydrates in potassium* 
deficient tomato plants is to be found in the effects of potassium deficiency on 
the nitrogen metabolism of these plants. It is difficult to say whether the 
final decrease in the carbohydrate content of such plants is due to the direct 
effect of potassium deficiency on CO 2 assimilation and carbohydrate synthesis 
or to the effect of the disrupted nitrogen cycle which is caused by potassium 
deficiency. This point will be discussed later in this paper- It is probable 
from the results of this experiment that the carbohydrate metabolism is not 
disturbed in potassium-deficient plants until the nitrogen metabolism is al- 
tered. For ail practical purposes, both phases of the plant metabolism will 
be affected simultaneously. 

Very little work has been done on the effects of potassium on plants grown 
with ammonium as the source of nitrogen. Turtschin (IS) and, in a very 
recent article, Schropp and Arenz (13) report that ammonium has a very 
toxic effect on potassium-deficient plants. The results of the present studies 
confirm these findings that the ammonium nitrogen increases in minus-potas- 
sium tomato plants. The symptoms associated with potassium-deficient 
tomatoes grown with ammonium nitrogen were much more severe than when 
grown with nitrate nitrogen: the first external sign was a very rapid breakdown 
of leaf tissue, which was widespread, in contrast with its confinement to the 
lower leaves of potassium-deficient nitrate plants. The cause of this break- 
down undoubtedly was the high internal concentration of ammonium ions 
which could not be assimilated by the potassium-deficient plants. This is 
in agreement with results published by Turtschin (15). 

Effects of potassium on nitrogen and carbohydrate metabolism 

The literature is replete with conflicting reports as to the effects of potassium 
on nitrogen and carbohydrate metabolism. Burrell (1), Nightingale et al. 
(8), Hartt (7), Schmalfuss (12), Turtschin (15), and Wall (19) have reported 
that potassium directly affects nitrogen metabolism. Gregory and co-workers 
in England (3) claim that potassium has no direct effect on nitrogen metab- 
olism. Virtually all workers agree that soluble organic nitrogen fractions 
increase in potassium-deficient plants. Those who claim that potassium 
directly affects the nitrogen metabolism believe that this increase is due to 
some interference with protein synthesis. Gregory and co-workers claim 
that this increase in soluble organic nitrogen is due to abnormally rapid syn- 
thesis and hydrolysis of protein. One very important difference between the 
two schools of opinion is that Nightingale et al., Turtschin, Hartt, and Wall 
noticed initial accumulation of carbohydrates in potassium-deficient plants, 
whereas Gregory and co-workers did not find this initial accumulation in their 
experimental plants. The only other way in which carbohydrates could 
have accumulated under the experimental conditions prevailing in the potas- 
sium-deficiency studies mentioned above was through some interference in 
the nitrogen metabolism. 
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Workers in England have claimed that the accumulation of soluble organic 
nitrogenous fractions found by other investigators was due only to the proteoly- 
sis in potassium-deficient leaves and was not of synthetic origin. Analytical 
data were obtained from plants in which potassium deficiency gradually in- 
creased. In the early stages of this experiment, abnormal proteolysis could 
not have played a prominent role in these plants, for carbohydrate accumula- 
tion was found in both nitrate and ammonium plants grown with no potassium. 
Proteolysis does not occur with abnormal rapidity if abundant carbohydrates 
are present. With the potassium-deficient nitrate and ammonium plants 
an increase in soluble organic nitrogenous fractions was found to be correlated 
with the accumulation of carbohydrates. In the final stages the carbohydrate 
accumulations of both potassium-deficient series began to fall, while soluble 
organic nitrogenous fractions increased very rapidly. Undoubtedly proteoly- 
sis was taking place at this point. This fact, however, in no way disproves 
that the initial accumulation of soluble organic nitrogen in the potassium- 
deficient series was of synthetic origin. 

Since the accumulation of carbohydrates and of soluble organic nitrogenous 
fractions was found simultaneously, it is very probable that interference with 
the nitrogen metabolism occurred before the carbohydrate metabolism was 
affected. The fact that, with the exception of the young leaves from the 
upper part of the stems, the protein concentrations of the potassium-deficient 
plants grown with nitrate and ammonium nitrogen were lower than the protein 
concentrations of the complete nutrient series seems to prove this point defi- 
nitely. The leaves from the upper stems had a normal protein and soluble 
organic nitrogen content, probably due to the high concentration of potassium 
the young meristematic tissue. 

The results of the experiments seem to indicate clearly that nitrogen metab- 
olism in the tomato plant is disrupted by potassium deficiency. The following 
simple equation may serve to clarify the interrelations of the nitrogen and 
carbohydrate metabolism in the case of potassium deficiency: 

Carbon dioxide 


Respiration 


Assimilation 


Starch 


Sucrose Hexose -r 

I® 

NHa + Organic acids 
Amide 


Amino acid 


Protein 


NO 


NO 


It has been shown by the previously mentioned experiments that in the 
early stages of potassium deficiency with either nitrate or ammonium as the 
source of nitrogen, ammonia, amide, amino nitrogen and carbohydrates ac- 
cumulated, while proteins decreased. The present knowledge of the synthesis 
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of protein in the green plant is far from complete. The belief is held at present 
that proteins are synthesized from amino acids and that amides are a form 
in which excess ammonia may be stored until needed. If the process repre- 
sented by the equation is checked at 5, the synthetic reactions at 3 and 9 will 
be halted, on the assumption that the mass action law is applicabley There- 
fore, amino acids, ammonia, amides, hexose, sucrose, and starch will accumu- 
late, while the protein will decrease. These results are in accord with the 
experimental observations. There is little evidence at present to show that 
reactions 1 and 2 are reversible in growing plants. Actually no nitrate ac- 
cumulation was found in potassium-deficient plants. Gregory and Richards 
(4), Richards (11), and Gregory and Sen (5) have shown, however, that carbon 
dioxide assimilation decreases and respiration increases in potassium-deficient 
plants. This would account for the final decrease in the carbohydrate content 
of potassium-deficient plants which has been found by many workers. These 
results are also in accord with the evidence found in these experiments where 
the initial carbohydrate accumulations finally were reduced below the carbo- 
hydrate concentrations of plants supplied with potassium. There was some 
evidence to show that starch and sucrose decreased first, thus maintaining 
for some time the hexose concentration. Under such low carbohydrate condi- 
tions considerable proteolysis undoubtedly takes place. If plants are analyzed 
at this stage it is impossible to determine whether the soluble organic products 
found are of synthetic or hydrolytic origin. 

The final eSect of potassium deficiency on metabolism is to decrease the 
carbohydrate concentration. Since the results of these investigations seem 
to give strong evidence that the nitrogen metabolism is affected prior to the 
carbohydrate metabolism, it is difficult to say whether the final decrease in 
carbohydrate concentration is a direct or an indirect effect of potassium de- 
ficiency. The interference with metabolism brought about by the effects 
of potassium deficiency on the nitrogen metabolism may possibly account 
for the final reduction in carbon dioxide assimilation. The protoplasm in the 
cells certainly cannot function as effectively as that in plants grown with a 
complete solution. 

The stage at which the nitrogen metabolism is affected by potassium de- 
ficiency seems to be that of the condensation of amino acids to protein. The 
fact that carbohydrate accumulations occurred in potassium-deficient plants 
grown with ammonium nitrogen, along with the fact that ammonium accumu- 
lated in potassium-deficient plants of both the nitrate and the ammonium 
series, while nitrates did not accumulate in potassium-deficient nitrate plants, 
seems at variance with, but does not disprove, the hypothesis that the reduction 
of nitrates to ammonia is affected by potassium deficiency, as was suggested 
by Nightingale et al. (8). 

SUMMARY ; . 

Young Rutgers tomato seedlings were grown with nutrient solutions con- 
taining nitrate and ammonium nitrogen, with and without potassium. The 
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plants were harvested at weekly or biweekly intervals over a period of 2 months. 
The nitrate plants made better growth than the corresponding ammonium 
plants. Potassium-deficient plants grown with nitrate gradually showed 
typical deficiency symptoms similar to those discussed in a previous experi- 
ment. The potassium-deficient plants grown with ammonium suddenly 
developed leaf-breakdown symptoms totally dissimilar to those of the potas- 
sium-deficient nitrate plants. The leaves on these ammonium plants died 
very rapidly. From the chemical evidence, the cause of this rapid breakdown 
was the toxic effect of high internal ammonium concentrations in the potas- 
sium-deficient plants. 

The results of chemical analyses demonstrated that potassium i-deficient 
plants of both the nitrate and the ammonium series accumulated ammonia, 
amide, and amino nitrogen, while the protein concentration decreased. 
Simultaneously the plants showed an initial carbohydrate accumulation which 
finally decreased and fell to lower values than in plants supplied with complete 
potassium. The evidence seems to show that protein synthesis from an elab- 
orated form of nitrogen is affected by potassium deficiency. This would 
account satisfactorily for the increased ammonia, amide, and amino nitrogen 
concentrations, for the decrease in protein, and for the initial accumulation of 
carbohydrates in potassium-deficient tomato plants. 

The analytical data point strongly to the fact that the nitrogen metabolism 
is affected by potassium deficiency prior to the carbohydrate metabolism. The 
final drop in carbohydrate content of potassium-deficient plants may be due 
to a direct need for potassium in CO2 assimilation or to the indirect effects on 
protoplasm brought about by the interference with the nitrogenous metabolism 
of potassium-deficient plants. 
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PLATE 1 

Tomato Plants Supplied with Ammonium Nitrogen, -with and without Potassium 

AT pH 6.0 AND 5.0 

1. Plus potassium— pH 6.0. 2. Plus potassium— pH 5.0. 3. Minus potassium— pH 6.0. 
4. Minus potassium — pH 5.0. 
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It is often desirable to use, as experimental material, a plant grown in the 
open under normal field conditions and subsequently dug up and potted. 
This is particularly true of slow-growing bushes and trees, for the establishment 
of seedlings in large containers may take years, and the filling of soil into 
such receptacles invariably results in a substrate dissimilar to undisturbed 
soil. In horticultural practice, the removal of large plants to new sites with 
the minimum of disturbance to growth is necessary in many instances. 

During research on the water relations of coffee it became desirable to use 
large plants, several years of age. These could be obtained only in the field, 
and consequently excavation was unavoidable, for it was not possible to wait 
for the establishment of seedlings. The method of working described in this 
paper was evolved, and has proved successful. By it, a growing tree together 
with about 2 tons of soil has been successfully transported, and only the out- 
break of war prevented further excavations. There appears to be no upper 
limit to the size of the soil block that can be isolated in this manner, save 
only the size of the vehicle available for transport. 

The work here reported was done in a district with a very light, friable, 
volcanic ash soil, with very few stones. The presence of many stones might 
well make the use of the method difficult, if not impossible. 

The necessary apparatus can be made by anyone with a modicum of manual 
dexterity, and was, in fact, improvised on an East African plantation, from 
such materials as were to hand. The uses of the method are not confined to 
the removal of rooted trees: with appropriate modifications it could be used 
for the preparation of soil monoliths, for the excavation and transport of blocks 
of undisturbed sod for the construction of lysimeters, or for a number of similar 
purposes. 

DESCRIPTION OF THE METHOD 

In essentials, the method consists of the preparation, by mechanical means, 
of an accurately cone-shaped pillar of soil, of a known and definite angle; of 
the fitting, to this pillar, of a metal container designed to have the same angle; 

^Burka Estate, Arusha, Tanganyika Territory. : ^ ^ 
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and of the undercutting and removal of the soil block. Since the container 
fits the block exactly, and since the lift is via the sides of the cone-shaped 
receptacle, no soil disturbance is possible. 

The method, in detail, is as follows: 

From prior knowledge of the t3^e and extent of the root system and of the 
amount of root mutilation tolerable, the dimensions of the soil block are deter- 
mined. For our conditions a truncated cone 120 cm. in diameter at the surface, 
90 cm. deep, and with sides inclined 7® from the vertical, proved suitable. 
A container for the soil block is cut from sheet metal, of thickness appropriate 
to the size and weight of the tree to be removed. We used ^-inch galvanized 
sheet. All necessary joints should be strongly riveted, for there is considerable 
tension in the metal when the tree is suspended in its container. The cone- 
shaped receptacle is not completed, but is left in the form of a flat sheet, the 
final joint being completed in the field after the metal has been wrapped round 
the soil mass. We used a final joint made from angle irons, firmly riveted 
to the sheet metal in such a manner that the two flanges could be bolted to- 
gether to complete the cone. For a larger undertaking, or where a number of 
similar blocks are to be removed, it might be worth while to arrange for the 
welding or the riveting of the containers into their final form. Whatever 
method is adopted, however, it is absolutely essential that the finished con- 
tainer should be of exactly the same shape as the soil pillar. 

Hooks, which should be formed from long iron bars, are riveted from top 
to bottom of the container for its suspension. These, and the general shape 
of the container, are well seen in plate 1. 

A circular trench is now dug round the tree, leaving a central column of 
soil rather larger than the required size. This trench should be only wide 
enough to work in with comfort, and should be at least twice the depth of 
the container. 

A frame of fairly heavy timbers is now placed on the soil outside this trench, 
as shown in figure 1. The upper surface of this is planed true, and should 
be accurately leveled. For the size of tree that we excavated a square frame 
proved suitable, but for larger ones a polygonal form may prove to be more 
convenient. 

A central pivot, formed from a short length of split iron piping, clamped 
between two wooden blocks, is now attached to the trunk of the tree and kept 
rigid by wedges or by soil packing between it and the trunk. If a soil block 
alone is to be removed, a simpler form of central pivot can be improvised. 

A rider, as illustrated in figure 1, is placed in position on the framework, 
and leveled by adjusting the height of the central pivot. It will be seen that, 
although this rider can rotate round the tree trunk, it is located in all other 
senses by its two long arms which bear on the framework. Thus it is level, 
and its sides are vertical, in ail positions. The rider should be built from sound 
timber, of such dimensions that it is rigid under normal working stresses. In 
figures 1 and 2, plate 1, the frame can be seen, and in the latter the rider is 
shown in position. 
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Ihe cutter is illustrated in figure 2. It consists of a heavy wooden frame- 
work that can rest on the rider, CD and CE of figure 2 l3dng along AB and 



Fig. 1. Diagram of the Circular Trench Isolating the Soil Block to Be Removed, 
Showing the Framework, Central Pivot, and Rider in Position 



LM respectively of figure 1. Thus any rocking motion is prevented. De- 
pendent from this framework is an arm, fixed at exactly the angle of the con- 
tainer, and suitably braced. This arm should be about one-third longer than 
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the depth of the container. A closely fitting wooden box slides on it, and can 
be moved up and down over a few inches by a lever attached to the main frame- 
work. This box, on the surface facing the soil pillar, bears a saw blade, set 
at an angle of about 45° to the direction of cut. This angle is important, for 
otherwise soil may bind between the back of the blade and the pillar, a clean 
cut being then impossible. 

All the saw teeth should be sharpened to knife-edges, for it is essential 
that all roots be cut cleanly, and not pulled apart. 



Fig. 3. Section Through the Partly Completed Trench, Showing the Gutter 

IN Operation 


All moving parts, i.e., the upper surface of the frame, the central pivot, 
and the inside of the sliding box, are lubricated with soft soap. The cutter 
is placed in position on the rider, slid into contact with the soil face, and 
clamped. The rider is then slowly rotated, the saw being operated with the 
help of the lever all the time. After each rotation, the cutter is moved in- 
ward about 1 cm., and the operation is repeated. It is advisable that the 
bottom of the central pillar be slightly undercut in advance of the saw, as 
illustrated in figure 3, which shows the central pillar about half-way through 
the trimming operation. It will be seen that all debris from the saw has free 
exit, due to the undercutting. The trimming of the pillar is continued until 
its top is reduced to the diameter of the opening of the container. 
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The opened container is now lowered into the annular trench and wrapped 
round the bottom of the soil pillar. As this is of greater depth than the con- 
tainer, and consequently of smaller diameter at the lower end, a loose fit is 
ensured. The jointing of the container is now completed by any appropriate 
method. 

For the hoisting and transport of the tree we used a crude derrick attached 
to a 3-ton truck. Figures 2 and 3, plate 1, illustrate the arrangement adopted. 
Where a ‘^breakdown’’ van, as used by garages, is available, such a vehicle 
would be more suitable. From the derrick is hung a small chain-driven pulley- 
block. The container is attached to this by wires, a spreader (visible in figures 
2 and 3, plate 1) ensuring that the direction of pull does not distort the con- 
tainer. When the latter is pulled upward the soil block should exactly fill it, 
and, with moderate tension in the supporting wires, undercutting can proceed. 
Inasmuch as the soil in the container is under slight horizontal compression, 
this presents no difficulties. 

After undercutting, the bottom of the container is placed in position on 
the leveled bottom of the trench, the filled container is lowered on it, and 
any necessary joints are completed. The whole is then hoisted clear of the 
ground, as in figure 2, plate 1, and can be driven, slowly, anywhere. For 
long journeys the container could be lowered on a second truck and driven 
at normal speeds. 

DISCUSSION 

The apparatus, as has been mentioned, was improvised in East Africa for 
field work; money, time, and facilities for manufacture were strictly limited. 
It could obviously be greatly improved. The substitution of a small metal 
bandsaw, worked by a crank or a small motor, for the oscillating saw illustrated, 
and metal construction of the rider and cutter would be an improvement, as 
would a screw advance for the latter. 

SUMMARY 

A method, using simple and cheap equipment, is described whereby blocks 
of undisturbed soil of any reasonable size can be excavated and removed intact. 
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PLATE 1 

Excavation and Transport op a Growing Tree in Undisturbed Soil 
Fig. 1. Tree before excavation, showing framework and rider in position, cutter and 
container in background. 

Fig. 2. Tree, in container and with base in position, being hoisted from pit. 

Fig. 3. Transport of the tree. The native in foreground is controlling oscillation by wire. 
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Mixed cultivation of legumes and nonlegumes has been practiced in India 
for ages past. The advantagesj as understood by an ordinary farmer, are: 
first, the better growth of the associated nonlegumes on poor soils, and, second, 
the prevention of utter failure of the crop in regions of uncertain rainfall. 
Though the general conceptions may be true, the mode of the associative re- 
lationship of the legume and the nonlegume in such mixed croppings is little 
understood. Recently an impetus to this problem has been given by the 
extensive researches of Virtanen and his associates. 

In 1912, Lipman (1) studied the problem of the associative growth of legumes 
and nonlegumes. In 20 out of 26 cases reported by him no visible beneficial 
effect of the legume on the growth of the nonlegume was noticed. His work, 
however, lay buried until Stallings (4), in 1926, published his positive findings 
about the beneficial effect of the growth of legumes on nonlegumes. Later, 
Virtanen and his associates (7, 8, 9, 10), by their extensive work, showed that 
regular excretions of nitrogen take place from the roots of legumes and that 
the nonlegume benefits both in growth and in nitrogen content by its associa- 
tion. Though Thornton and Nicol (6) and Nowotndwna (3) have confirmed 
Virtanen’s findings, a number of other workers, like Wilson (11), Ludwdg and 
Allison (2), and Strong and Trumble (5), have obtained either negative results 
on the excretion of nitrogen from the legume roots or such contradictory find- 
ings that they are inclined to ascribe the phenomenon to a possible disturbance 
in the physiology of the plants by variations in the substrate or in the photo- 
S3nathetic activity. 

The work undertaken by us has been prompted primarily by the economic 
importance of the problem in relation to the commonly grown combinations 
of legumes and nonlegumes in the Punjab. In an attempt to throw some 
light on the nature of the associative relationship, a number of controlled 
experiments, in addition to those in soil under natural conditions, have been 
conducted. . 

.^.EXPERIMENTAL 

In all the experiments reported in this paper, the seeds were sterilized with 
mercuric chloride before being planted, and those of legumes were later inocu- 
lated with pure cultures of the specific strains of nodule bacteria. 
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In the sand culture experiments, the glasses containing washed and baked 
sand and adequate CaCOs were sterilized for 3 hours in the autoclave at 20 
pounds’ pressure, and were watered when necessary with sterilized modified 
Hiltner’s nitrogen-free nutrient solution of the following composition: 
Ca 3 (P 04 ) 2 , 0.25 gm.; CaS04-2H20, 0.25 gm.; MgS 04 - 7 H 20 , 0.394 gm.; KCl, 
0.25 gm.; FeCh, trace; water, 1000 cc. The containers, in every case, were 
kept on a stand in a wire-gauze cage. 

The experiments in soil were conducted in earthenware pots, each containing 
24 pounds of a light loam and watered when necessary with nitrogen-free 
tap water. 

Wheat-chick-pea association 

It is a very common practice in the Punjab in regions of uncertain rainfall 
to sow wheat and chick-peas together. Usually the crop is removed while 
yet green and is used as cattle fodder. 

TABLE 1 


Influence of associative growth on yields and nitrogen contents of wheat and chick-pea 
plants — experiment 1 


BEAKER 

mjMBER 

CROP 

AVERAGE 1 
HEIGHT 

OP TOPS 

AVERAGE 

IsrXJMBER 

OF SEEDS 
PER PLANT 

j 

WEIGHT . 
OF CROP* 

TOTAL NITROGEN IN CROP 



cm. 


gm. 

per cent* 

mgm. 

1-3 

Wheat 

36 

2.7 

1.4 

0.558 

7.812 

f 

Wheat 

39 

2.1 

1,46 

0.67 

9.78] 

4-6 \ 

+ 





[ 48.39 

1 

Chick-pea 

25 

2.0 

' 2.70 

1.43 

38.6lJ 

7-9 

Chick-pea 

31 

3.0 

3.64 

1.516 

55.182 


* Oven-dry basis. 


Sand culture experiments. In the first experiment, in nine 600-cc. beakers 
filled with 800 gm. of sand containing 2 gm. of CaCOs, healthy wheat and 
chick-pea seeds of equal weight were planted as follows: 3 beakers, 2 wheat; 
3 beakers, 2 wheat and 2 chick-pea; and 3 beakers, 2 chick-pea. The plants 
were removed after 5 months, and the yields and nitrogen contents were 
recorded (table 1). The results show that chick-peas suffer in plant growth 
as well as in nitrogen content by their association with wheat. Wheat, on 
the other hand, seems to have benefited slightly. 

To determine whether the injurious effect on the growth of chick-peas is 
proportional to the numbers of the associated wheat plants or, conversely, 
if wheat derives any benefit from its growth with chick-peas, to find out how 
many wheat plants can be supported by a single chick-pea plant, a second 
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experiment was conducted in which eight beakers, each containing 1000 gm. 
sand, were planted as follows: 


Beaker 

Number 

Plants 

1-2 

1 chick-pea 4- 1 wheat 

3-4 

1 chick-pea + 2 wheat 

S-6 

1 chick-pea -f- 3 wheat 

7-8 

1 chick-pea -f- 4 wheat 


The plants were removed at maturity, after 5 months’ growth, and the dry 
weights of plant material and amounts of nitrogen fixed were recorded (table 2). 

TABLE 2 


Influence of diflerent ratios of chick-pea to wheat plants in associative growth on yields and 

on niirogeri fixed — experiment 2 


BEAKEE 

NUMBER 

DRY WEIGHT OP PLANT 
MATERIAL 

\TOIGHT OP 
TOTAL CROP* 

TOTAL NITROGEN IN 
CROP 

TOTAL 

NITROGEN 

IN SEEDS 

TOTAL 

NITROGEN 

FIXED 

Wheat 

1 

Chick-pea 




PLANTEDf 


gm. 

gm. ! 

gm. 

per cent* 

mgm. 

mgm. 

mgm. 

1-2 

0.45 

1.34 

1.71 

0.97 

16.49 

11.94 

4.55 

3-4 

0.90 

1.7 

2.47 

1.05 

25.93 

13.40 

12.53 

5-6 

1.47 

1,32 

2.64 

1.00 

26.4 

14.86 

11.54 

7-8 

1.62 i 

1.72 

3.19 

0.91 

29.0 

16.32 

12.68 


* Oven-dry basis. 

1 1 chick-pea seed = 5.24 mgm. N, 1 wheat seed — 0.73 mgm. N. 


The number of seeds per pot were counted, and the amount of nitrogen in 
the substrate was determined. The results are shown in table 3. 

The following conclusions can be drawn as a result of this experiment; 

A single chick-pea plant can supply enough nitrogen to support as many as four wheat 
plants. 

The amount of nitrogen fixed by a legume is greater the larger the number of associated 
nonlegumes (within observed limits). The relative efficiency is greatest w^hen the ratio of 
chick-peas to wheat is 1:2. 

The increase of nitrogen in the sand substrate is also proportional to the number of wheat 
plants associated with a single chick-pea plant. 

The yield of 'wheat grain per plant suffers when the ratio is 1 chick-pea to 4 wheat. Here 
it seems that some sort of competition exists between plants to convert the nitrogen into 
protein reserve. 

To determine whether the observed deleterious effect on the growth of 
chick-peas is in the nature of a crowding-out effect, a third experiment was 
run in which twenty-seven 1000-cc. beakers filled with 1000 gm. sand were 
planted to wheat and chick-pea seedlings as shown in table 4. After about 
2 months, the chick-pea plants grown alone were observed to be much healthier, 
greener, and bigger than those grown in association with wheat. Some idea 
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of the relative plant growth can be obtained from plate 1, figure 1. The results 
given in table 4 show that chick-peas lose 35 to 40 per cent in size of tops and 
14 to 19 per cent in weight by their association with wheat. Wheat, on the 

TABLE 3 

Influence of different ratios of chick-pea to wheat plants in associative growth on seed production 
and nitrogen content of the substrate — experiment 2 



i NUMBER OF SEEDS PRODUCED 

1 NITROGEN IN SUBSTRATE^ 

BEAKER 






NUMBER 

Chick-pea 

Wheat 

Initial 

Final 

Increase 




mgm. 

mgm. 

mgm. 

1 

4 

1 

1 3.5 

4.76 

1.26 

2 

2 

3 



3 

2 

4 

} 3.5 

7.56 

4.06 

4 

4 

S 



5 

6 

2 

7 

6 

1 3.5 

o 

00 

4.30 

7 

4 

6 

) 3.5 

8.68 

5.18 

8 

6 

3 

/ 




* Per 100 gm. 

TABLE 4 

Influence of associative growth of chick-pea and wheat on the relative size and yield of plants- 

experiment 3 

Yields on dry-weight basis 


BEAKER 

NUMBER 

PLANTS 

CHICK-PEA 

■WHEAT 

CHICK-PEA, PER 
CENT GAIN OR 
LOSS OVER 
CONTROL 

WHEAT, PEE 
CENT GAIN OR 
LOSS OVER 
CONTROL 

Aver- 
age 
height 
of tops 

Average 

yield 

per 

beaker 

Aver- 
age 
height 
of tops 

Average 

yield 

per 

beaker 

Height 

Weight 

Height 

Weight 



cm. 

gm. 

cm. 

gm. 





1-3 

1 wheat -h 1 chick-pea 

12 

0.25 

26 

0.348 

-40 

-14 

-16.1 

+11.4 

4-6 

2 wheat -{- 2 chick-pea 

12 

0.432 

22 

0.415 

-36.8 

-13.6 

-12.0 

-10.0 

7-9 

3 wheat -h 3 chick-pea 

15 

0.56 

22 

0.486 

-34.8 

-18.6 

0 

-19.0 

10-12 

1 wheat 



31 

0.312 





13-15 

2 wheat 



25 

0.46 





16-18 

1 

3 wheat 



22 

0.59 





19-21 

1 chick-pea 

20 

0.29 







22-24 

2 chick-pea 

19 

0.50 







25-27 

3 chick-pea 

23 

0.68 








other hand, does not obtain a corresponding benefit in ail cases. In a com- 
bination of three wheat and three chick-pea plants a slight crowding-out effect 
due to the limited surface of the beaker is noticeable. 
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A fourth carefully controlled experiment was conducted to determine 
whether nitrogen is actually excreted from the roots of chick-peas. The 
bottoms of four Winchester bottles were knocked off and the edges ground. 
Each bottle was then inverted and fitted with a wooden stopper^ through which 


TABLE 5 

Nitrogen, in milligrams, excreted from roots of chick-pea alone and in associative growth wit^ 

wheat — experiment 4 


NITEOGEN 

BOTTLE I— 

3 CHICK-PEA 

BOTTLE 2— 

3 CHICK-PEA -f 

3 WHEAT 

BOTTLE 3— 

6 CHICK-PEA 

BOTTLE 4“ 

3 CHICK-PEA 4- 
6 WHEAT 

After 28 days 

Organic 

0.3S 

0.35 

0.28 

0.35 

Nitrite 

0.028 

0.011 

0.039 

0.012 

Nitrate 

0.156 

0 

0.206 

0 

Total 

0.534 

0,361 

0.525 

0.362 


After 42 days 


Organic 

0.42 

0.14 

0.28 

0 

Nitrite 

0.003 1 


0.001 


Nitrate 

0 

0 

0 

0 

Total 

0.423 

0.14 

0.281 

0 


After 60 days 


Organic 

0.28 

0.28 

0.28 

0.21 

Nitrite 

0.003 


0.004 


Nitrate 

0 

0 

0 

0 

Total 

0.283 

0.28 

0.284 

0.2! 


After 90 days 


Organic 

0.56 

0.42 

0.42 

0.42 

Nitrite 

0.003 

0.002 1 

0.002 

0.003 

Nitrate 

0 

0 

0 

0 

Total 

0.563 

0.422 

0.422 

0.423 


After 140 days 


Organic 

1-4 

0.98 

1.05 ! 

0.91 

Nitrite 

0.005 

0.014 : 

0,025 

0.019 

Nitrate 

0 

0 

0 

0 

Total. . 

1.405 

0.994 1 

1,075 

0.929 


a piece of glass tubing passed. The lower end of the glass tube was closed 
with a rubber tubing and pinchcock. While the bottles were in this positioHj 
glass beads were placed at the bottom and covered with glass wool. The 
bottles were then filled with 2000 gm. of sand (fig. 1) and planted with seedlings 
as indicated in table 5. 
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At the end of 4 weeks and at frequent intervals thereafter, the roots of the 
plan ts in each bottle were washed with sterilized distilled water by suction, 
and the amounts of organic, nitrite, and nitrate nitrogen were determined in 
the extract by micromethods. Since the amount of excreted nitrogen was 
very small, it was not possible to conduct a qualitative test for amino acids. 

The results, recorded in table 5, show that washings of legume roots contain 
traces of nitrogen; the amount of nitrogen excreted is greater when the legume 
is grown alone than when it is associated with a nonlegume — in the latter case, 
probably the associated nonlegume takes up the excreted nitrogen; the amount 
of excretion is not proportional to the numbers of legume plants. 


_ Washed & 
‘baked sand 



-Glass wool 
Sterilize D 

GLASS BEADS 


Fig. 1. Bottle Used in the Study of Nitrogen Excretion from Chick-Pea Roots 


Table 6 shows that the legume definitely suffers in growth while in associa- 
tion with the nonlegume. A duplicate test gave comparable results. The 
general appearance of the crop is shown in plate 1, figure 2. 

Pot experiment in soil. To test whether the foregoing findings, obtained in 
sand cultures, apply equally well to plant growth in soil under natural condi- 
tions, an experiment was conducted in which 12 pots of soil were sown as 
follows: 4 pots, 6 wheat; 4 pots, 6 wheat and 6 chick-pea; 4 pots, 6 chick-pea. 

After the plants had grown for about a month, microscope slides were em- 
bedded for 48 hours near the roots in different pots. They were stained with 
phenolic rose bengal according to Cholodny’s method, and on examination 
revealed that there was a much greater variety of microorganisms in pots 
containing both legumes and nonlegumes than in pots containing either alone. 
There was, however, a larger number of microorganisms on slides from the 
legume pots than on those from the nonlegume pots. 
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The crop was removed at maturity, and the yield and nitrogen content of 
the plant material were recorded (table 7). The results clearly show that 
the chick-pea plant suffers immensely in crop growth as well as in nitrogen 
content by its association with wheat; wheat, on the other hand, gains slightly 
in relative nitrogen content but loses in plant growth. The general appearance 
of the plants after 3 months is shown in plate 1, figure 3. 

TABLE 6 


Influence of associative growth on yields of chick-pea and wheal — experiment 4 


BOTTLE 

CHICK-PEA 

WHEAT 

NUMBEH 

Pods and seeds 

Total dry weight 

Ears and grains 

Total dry weight 

1 

2 pods 

2 seeds 

gm. 

1.21 


gm. 



2 

1 pod 

1 seed 

0.75 

3 ears 

3 grains 

0.965 

3 

4 pods 

4 seeds 

1.97 






4 

2 pods 

1 seed 

0.77 

4 ears 

5 grains 

1.315 


TABLE 7 

Influence of associative growth on yield and nitrogen content of chick-pea and wheat grown in soil 


POT 

NUMBEE 

CHOP 

DRY WEIGHT 

NITROGEN CONTENT 

LOSS OR 
NITROGEN 
BY CHOP 
ASSOCIATION 

i 

Grain 

Straw 

Total 

crop 

Grain 

Straw 

Total crop 



gm. 

gm. 

gm. 

Per cent 

per cent 

mgm. 

Per cent 

1~4 

Wheat 

29.7 

43.8 

73.5 

1.618 

0.497 

698.22 


f 

Wheat 

20.0 

32,0 

52.0 

1.618 

0.577 

506.0 

-27.5 

5-8 ' 

_|_ 








[ 

Chick-pea 

18.5 

30.5 

49.0 

3.335 

0.742 

836.0 

-55.3 

9-12 

Chick-pea 

41.0 

63.0 

104.0 

3.335 

0.80 

1871.0 



Senji-oat association 

Sand culture experiment. To study the associative relationship of senji 
(Melilotus parviflora) and oats, a controlled experiment was run in beakers 
containing sand as follows: beakers 1-9 and 19-27, 1000 gm. each; beakers 
10-18, 800 gm. each. Senji and oat seeds were germinated in sterilized petri 
dishes, and seedlings were planted as shov/n in table 8. Because of their 
slow growth, the senji seedlings were planted about a month earlier than the 
oat seedlings. The results of observations on the height of tops (pi. 1, fig. 4), 
yield, and nitrogen content in different cases are analyzed in table 8. It will 
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be seen from these data that senji loses over 60 per cent in the height of tops 
and 86-88 per cent in total dry weight when it is associated with oats. 
Whether the oats derive a corresponding benefit from their association with 
senji is not definitely established. It is hard to decipher any crowding-out 
effect. No significant difference is apparent in the nitrogen content of either 
oats or senji whether grown alone or in association. 


TABLE 8 

Influence of associative growth of senji and oats on the relative size, yield, and nitrogen content 

of plants 

Yields and nitrogen content on dry-weight basis 




SENJI 

BEAKER 

NUMBER 

PLANTS 

Average height 
of tops 

Average yield 
per beaker 

Nitrogen con- 
tent 



cm. 

gm. 

per 

cent 

1-3 

1 senji + 1 oat 

12 

0.16 

2.4 

4-6 

2 senji + 2 oat 

15 

0.32 

2.46 

7-9 

3 senji + 3 oat 

14 

0.442 

2.10 

10-12 

1 oat 




13-15 

2 oat 




16-18 

3 oat 




19-21 

1 senji 

54 

1.36 

2.52 

22-24 

2 senji 

42 

2.42 

2.42 

25-27 

3 senji 

37 

3.305 

2.18 


XJ 

.'S S 

WJS 
o § 
< 


gm. 

0.75 

1.365 

1.79 

1.21 

1.09 

1.82 


a 

0) 

SI 

is 


per 

cent 

0.64| 

0.56 

0.55 

0.74 

0.60 

0.63 


SENJI, PER CENT 
GAIN OR LOSS 
OVER CONTROL 


-66 

-64.3 

-62.1 


- 88.2 

-87.0 

-86.7 


OATS, PER CENT 
GAIN OR LOSS 
OVER CONTROL 


-20 
+ 15 
0 


-38.0 

+25.2 

- 1.6 


TABLE 9 

Influence of associative growth on size, yield, and nitrogen content of senji and oats grown in soil 

Yields on air-dry basis 


POT 

NUMBER 

CROP 

OATS 

SENJI 

HEIGHT 

OP PLANTS 

W’KIGHT 

OP ROOTS 

Yield of 
tops 

Nitrogen 

content 

Yield of 
tops 

Nitrogen 

content 



gm. 

per cent 

gm. 

per cent 

cm. 

gm. 

1-3 

Oats alone 

50.25 

1.91 




8.98 

4-6 

Oats + senji 

56.73 

1.60 

4.76 

2.14 

15-46 

8.50 

7-9 

Senji alone 



36.5* 

2.88 

65-76 

2.6* 


* White ant damage. 


Pot experiment in soil. Nine pots of soil were seeded to oats and senji as 
follows: 3 pots, 6 oat; 3 pots, 6 oat and 6 senji; 3 pots, 6 senji. There was an 
astonishingly great difference between the growth of senji plants alone and 
in association with oats. Plate 1, figure 5, shows the stunted growth of those 
grown in association with oats. 


ASSOCIATION Of LEGtJMES ANB NONLEGBMES 


42 ? 


The plants were removed after 5 months’ growth, and the sizes, yields, and 
nitrogen content were recorded (table 9). The results conclusively show 
that senji suffers immensely in growth and in nitrogen content of the crop 
material by its association with oats. The oats, on the other hand, gain a 
little in plant growth. 

Chari-guara association 

It is a very common practice in the Punjab to sow chari (Andropogon sor- 
ghum) and guara (Cyamopsis psoraloides) in association during the hot weather 
for fodder purposes. The interrelationship between the two was studied 
by means of an experiment conducted with 21 pots of soil planted as shown 
in table 10. In general, chari plants when associated with guara presented a 
much better appearance than when grown alone. The growth of guara, on 
the other hand, was much poorer where it was associated with chari. 

TABLE 10 


Influence of chari-guara association on size and weight of plants 
Yields on green-weight basis 


POT NITMBERS 

CHOP RATIO 

CHARI 

1 

GUARA 

CHARI, PER 1 
CENT GAIN OR 
ROSS OVER 
CONTROL 

GUARA, PER 
CENT GAIN OR 
LOSS OVER 
CONTROL 

Average 
height 
per plant 

Average 
weight 
per plant 

Average 
height 
per plant 

Average 
weight 
per plant 

Height 

Weight 

Height 

Weight 



in. 

gm. 

in. 

gm. 





1-3 

4 chari each 

37i 

19.25 







4-6 

4 guara each 



20 

29.0 





7-9, 13-17 

4 chari: 4 guara 

34 

17.5 

13 

9,5 

' -9.3 

-9.9 

-35 i 

-67.2 

10-12 

2 chari: 2 guara 

43 

31.5 

16 

16.8 

4-14.7 

4-63.6 

-20 

-42.0 

18-21 

3 chari: 3 guara 

43 

35.7 

14| 

10.7 

4-14.7' 

4-85.5 

-27.5 

-63.1 


After growth had continued for about 3 months, the size of the tops was 
measured, and the plants were removed and weighed. The results, recorded 
in table 10, show that guara suffered immensely in its association with chari, 
a loss in height of 20 to 35 per cent and in green weight of 42 to 67 per cent 
having been observed; chari gained in height and in green weight when the 
ratio of chari to guara was 2:2 and 3:3, but not when the ratio was 4:4, ap- 
parently because of a crowding-out effect in small pots^ 

DISCUSSION 

Though the precautions observed to prevent contamination of the seed and 
substrate in all sand culture experiments do not rule out the possibility of 
later contaminations having occurred, this seems to be of no great significance, 
particularly as no attempts have been made to define the type of nitrogen ex- 
creted in different cases. 


428 


M. R. MADHOK 


A definitely injurious effect on the growth of the legumes tested, viz., chick- 
pea, senji, and guara has been recorded in all cases. Of the associated non- 
legumes, wheat and oats have shown little, if any, gain in crop weight or 
nitrogen content as a result of their association with chick-pea and senji re- 
spectively. Chari, on the other hand, has shown a considerable gain both in 
height and in weight of plants as a result of its association with guara. It is 
reasonable, therefore, to infer that in certain combinations the nonlegume does 
benefit by its association with the legume, while in others it does not. But 
why it does in certain cases and not in others might be traced to the beneficent 
effect of a legume or to the receptive capacity of a nonlegume. It is interesting 
to record that in a nitrogen-deficient medium the legume can be made, 
within limits, to fix more nitrogen by its association with the nonlegumes. 

The excretions of nitrogen from the roots of a legume grown alone or in 
association with a nonlegume have been recorded, but the injury to the legume 
cannot be entirely explained on the basis of the uptake of excreted nitrogen 
by the associated nonlegume. Had this been so, the nonlegume should have 
shown better growth in all associated cultures, but it did not. It is possible 
that in certain cases the very presence of roots of the nonlegume in proximity 
to those of the legume exerts some deleterious effect on the uptake of fixed 
nitrogen by the latter. The exact nature of this influence will form the subject 
of a further study. 

SUMMARY 

Chick-pea suffers both in growth and nitrogen content by its association 
with wheat. The loss of chick-pea may amount to as much as 35-40 per cent 
in size and 14-20 per cent in weight. 

A single chick-pea plant can support the growth of as many as four wheat 
plants. The relative efficiency of the nitrogen fixation process appears to 
be greatest when the ratio of chick-pea to wheat is 1: 2. 

The amount of excreted nitrogen in the substrate is also greater the larger 
the number of wheat plants associated with a single chick-pea plant, within 
observed limits. 

The grain formation in wheat seems to suffer where the ratio of chick-pea 
to wheat is 1:4. 

Definite excretions of nitrogen were recorded from the roots of chick-pea. 
Since the amount of excretion was very small it was not possible to make a 
qualitative test for amino acids, but nitrites were generally found to be present. 

The beneficial effect of the association of chick-pea on the growth of wheat 
is not marked or constant. 

Senji loses 60 per cent in height of plants and about 88 per cent in total dry 
weight by its association with oats. Oats do not gain significantly by their 
association with senji. 

Guara suffers immensely in growth by its association with chari. Ghari 
gains greatly by its association with guara. 


ASSOCIATION OF LEGUMES AND NONLEGUMES 


429 ' 


REFERENCES 

(1) Lipman, J. G. 1912 Associative growth of legumes and nonlegumes. N. J. Agr. 

Exp. Sta. BuL 253. 

(2) Ludwig, C. A., and Allison, F. E. 1937 Experiments concerning diffusion of 

nitrogenous compounds from healthy legume nodules or roots. Bot. Gaz. 98: 
680-695. 

(3) Nowotnowna, a. 1937 Nitrogen uptake in mixed crops not receiving nitrogenous 

manure. Jour. Agr. Sci. 27: 503-510. 

(4) Stallings, J. H. 1926 Form of legume nitrogen assimilated by nonlegumes when 

grown in association. Soil Sci, 21: 253-276. 

(5) Strong, T. H., and Trumble, H. C. 1939 Excretion of nitrogen by leguminous 

plants. Nature 143: 286-287. 

(6) Thornton, H. G., and Nicol, H. 1934 Further evidence upon the nitrogen uptake 

of grass grown with lucerne. Jour, Agr. Sci, 24: 540-543. 

(7) Virtanen, a. I., and Hausen, S. von 1931 Studies on leguminous bacteria and 

plants: IX. Biocheru. Zischr. 232: 1-14. 

(8) Virtanen, A. I., and Hausen, S. von 1935 Root nodule bacteria of leguminous 

plants: XVI. Jour. Agr. Sci. 25: 278-289. 

(9) Virtanen, A. I., Hausen, S. von, and Karstrom, H. 1933 Legume bacteria and 

plants: XII. Biochem. Zischr, 258: 106-117. 

(10) Virtanen, A. I., Hausen, S. von, and Laine, T. 1937 Root-nodule bacteria of 

leguminous plants: XIX, XX. Jour. Agr. Sci. 27: 332-348, 584-610. 

(11) Wilson, P. W. 1937 Excretion of nitrogen by leguminous plants. Nature 140: 

154-155. 


430 


M. t. MAMdIC 


PLATE 1 

Associative Growth oe Chick-Peas and Wheat and of Senji and Oats 
Fig. 1. Left to right — 1 chick-pea + 1 wheat, 1 chick-pea, 2 chick-pea, 3 chick-pea, 2 
chick-pea + 2 wheat, 3 chick-pea -j- 3 wheat, 1 wheat, 2 wheat, 3 wheat plants 

Fig. 2. Left to right — 3 chick-pea, 3 chick-pea 4" 3 wheat, 6 chick-pea, 3 chick-pea -|- 
6 wheat plants 

Fig. 3. Left to right — 6 chick-pea, 6 wheat -f- 6 chick-pea plants 
Fig. 4. Left to right — 1 senji -f- 1 oat, 1 senji, 2 senji, 3 senji, 2 senji + 2 oat, 3 senji -f 
3 oat plants 

Fig. 5. Left to right — 6 senji, 6 senji -f 6 oat plants 
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A certain portion of the heterogeneous soii organic matter is apparently more 
or less resistant to rapid decomposition and remains for a time in the soil, or 
may even accumulate in the soil, under certain conditions. This dark brown 
to black fraction is often known as “humus. ’’ As used in this paper, however, 
the term “humus” refers to that portion of the soil organic matter peptized by 
4 per cent ammonia. That fraction peptized by 4 per cent ammonia, pre- 
cipitated by strong acids, and insoluble in 95 per cent ethanol, is designated 
as “humic acid.” It has been variously designated as “black pigment” 
(2), “humus acid,” “sacculmic acid,” “mull acid,” “sucrohumic acid,” and 
“lignohumic acid.” Although a vast amount of research has been directed 
along this line, and our knowledge about soil organic matter has increased 
tremendously, final solution as to the exact nature of humic acid has not been 
forthcoming. Early researches usually consisted of extraction of soil humus 
by dilute alkali, followed by attempted fractionation of the isolated product 
by means of various solvents. The fractions obtained were amorphous, col- 
loidal, and of indefinite composition. They w^ere given various names, which 
had no real chemical significance and tended only to confuse the study of soil 
organic matter. Man}^' theories have been propounded to explain the forma- 
tion of humic acid, but the most widely accepted one was advanced by Waks- 
man (13), who holds that lignin combines with a proteinlike material, under 
the influence of microorganisms, to form humic acid. 

The colloidal organic fraction is one of the most active components of the 
soil, and it is evident that a knowledge of humic acid is essential if we are to 
understand the origin and development of soils, as well as certain processes 
that influence plant growth. Since very little is definitely known about the 
chemical nature of this organic complex and since most of the early research 
work was performed on the humic acid fraction isolated from peats, it was the 
object of this investigation to isolate the humic acid from prairie, muck, and 
forest soils, and to study each acid in detail. In this w^ay the similarities or 
differences between the acids could be pointed out, a few definite physical and 

^Contribution from the department of agronomy, Nebraska Agricultural' Experiment 
Station, Lincoln,. Nebr. Published with the approval of , the dkector as paper No. 246,' 
Journal .Series. 

Formerly instructor in ag.ronomy, University.- of Nebraska; now visiting assistant pro- 
fessor in .soils,.. Michigan State, College. 
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chemical properties could be determined, and these in turn might lead to some 
generalizations concerning the chemical constitution and the method of forma- 
tion of the humic acid. 

EXPERIMENTAL 

Extraction of the humic acids 

Approximately 3 kgm. of a well-decomposed, cultivated muck soil from 
Minnesota was leached with 1 per cent hydrochloric acid to remove all traces 
of soluble calcium. The muck was then transferred to a carboy and the humus 
extracted by 4 per cent ammonia. After the muck had been subjected to ex- 
traction by intermittent shaking for 24 hours, the suspension was allowed to 
settle for 2 or 3 days. The jet-black supernatant liquid was siphoned off and 
passed through a Sharpies centrifuge, the cylinder of which had been lined 
with a tight-fitting sheet of celluloid. Virtually all the clay remaining in 
suspension was thrown out on the celluloid sheet and discarded. Four per 
cent ammonia was again added to the muck which remained in the bottle, and 
the extraction was repeated. 

The centrifuged suspension was acidified with hydrochloric acid, and the 
jet-black gelatinous precipitate was allowed to settle. The clear supernatant 
liquid was then siphoned off and discarded, and the remaining black colloidal 
suspension was passed through the Sharpies centrifuge. The humic acid 
fraction was thus thrown out on the celluloid sheet. It was dried at 70°C., 
pulverized in a glass mortar, copiously washed with water, leached with 95 
per cent ethanol, and again washed thoroughly with water. It was then 
dialyzed in cellophane and finally was air-dried and labeled P2. This is the 
so-called humic acid. It contained 7.77 per cent ash on the oven-dry basis. 

The filtrate after precipitation and removal of the humic acid usually showed 
the presence of organic indicators. When acid, the filtrate was pale yellow; 
and when alkaline, it had a distinct greenish tint. 

Humic acid was extracted from the gray-brown forest soils of Michigan 
merely by leaching several kilograms of the soil with a solution consisting of 
4 per cent ammonia and 2 per cent ammonium carbonate, the soils having 
been previously leached with 1 per cent hydrochloric acid to the absence of 
calcium in the leachate. The resultant black solution was concentrated and 
then acidified with hydrochloric acid, which caused the precipitation of the 
black flocculent humic acid fraction. The suspension was transferred to a 
carboy and allowed to settle for 2 days. The clear supernatant liquid was 
then siphoned off, and distilled water was added while the mixture was agi- 
tated. This was again allowed to settle for several days, and the process was 
repeated. The humic acid fraction was washed eight to twelve times in this 
manner and then dialyzed in cellophane. Finally, it was transferred to a 
large evaporating dish and dried under a radiant heater. The temperature 
never exceeded 70®G. The humic acid fraction was ground, washed again 
with water, leached with 95 per cent ethanol, and finally leached with more 
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water. The humic acid thus obtained was air-dried and labeled P3. The 
ash content was 3.60 per cent on the oven-dry basis. 

The humic acid from the grassland soils of the western Great Plains area 
was extracted in exactly the same manner as that used on the gray-brown 
forest soils. All of the ammoniacal extracts from the 300 samples in the 
Great Plains area, used in the study of pigment distribution (1), were collected 
and concentrated. The concentrate \ras then acidified, and the same pro- 
cedure as above was used. The dry humic acid fraction was ground, washed 
with water, leached with 95 per cent ethanol and again washed with water. 
The humic acid obtained, labeled PI, had an ash content of 6.86 per cent on the 
oven-dry basis. 

The freshly prepared humic acid was very voluminous, as a result of ad- 
sorbed water, and when separated from the dispersion medium it formed an 
elastic gel. It shrank enormously on drying and eventually became a brittle 
solid. When dry, the acid from all' three sources would not again form a 

TABLE 1 


Analyses of Im?nic acids 
In per cent on the oven-day, ash-free basis 


HUMIC ACID 

SOURCE 

c 

H 

N 

0 

ASH 

PI 

Grassland soils from the 
Great Plains 

58.35 

4.54 

i 

i 

5.88 

31.2 

6.86 

P2 

Minnesota muck soil 

58.81 

5,54 

5.49 : 

30.2 

7.77 

P3 

Michigan forest soils 

55.58 

5.17 i 

6.03 

33.2 ^ 

3.60 


suspension upon addition of water. If kept moist, however, it is a reversible 
coUoid. The humic acid apparently exists in the soil solution as a hydrophilic 
colloid. 

Various methods of purification were tried with little success. Repeated 
dispersion by ammonia and precipitation by acid caused no appreciable de- 
crease in percentage of ash. One portion of the washed and dried humic acid 
was dissolved in a relative^ small amount of ammonium hydroxide and placed 
in an electrodialysis cell. The suspension was electrodialyzed for 12 hours 
using 90 volts and 50 amperes. At the end of the 12 hours the solution was 
neutral to litmus, and most of the humic acid was coagulated upon the parch- 
ment next to the anode. The ash content was reduced only very slightly. 
A small portion of the humic acid, P2, was purified by reprecipitation and 
dialysis to such an extent that its ash content was reduced to 1.20 per cent. 
Suspensions of the humic acids in water, pyridine, sodium hydroxide, am- 
monium hydroxide, and alcohol gave distinct Tyndall cones. Furthermore, 
the light reflected from these cones was polarized, conclusive evidence that the 
acids form colloidal suspensions in the above solvents. 

The analyses of the three humic acids are listed in table 1. The nitrogen 
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content was determined by the Kjeldahl method, and percentages of carbon 
and h3^drogen were determined by dry combustion. The ash content of each 
acid was determined by igniting in an electric furnace at 700-750*^0. 

Acetylation 

Eight grams of the humic acid were suspended in 40 cc. of acetic anhydride, 
and 10 drops of concentrated sulfuric acid was added. The suspension was 
then heated in a water bath at lOO^C. for 8 to 10 hours and was stirred by 
intermittent shaking. In every case the acids were insoluble in the anhydride. 
The contents of the flask were then emptied into a large volume of ice water, 
thoroughly mixed, and filtered. The acetylated humic acid was washed until 
the filtrate was neutral to bromthymol blue. It was then air-dried, ground, 
and percentage ash and moisture determined. In one instance dry hydrogen 
chloride gas was introduced into the flask in place of the sulfuric acid. Sub- 
sequent analysis showed no difference in acetyl content between this product 
and that obtained by using sulfuric acid. 

Humic acids PI, P2, and P3 were acetylated readily even in the cold. Upon 
addition of acetic anhydride and sulfuric acid an exothermic reaction took 
place. The reaction with P2 was apparently the most active, since the reaction 
flask became hot, whereas with PI and P3 the reaction flasks became warm. 
The following analysis shows the relative amount of acetylation that took 
place at room temperature: 


HUMIC ACID 

PER CENT ACETIC ACID 

ACETYLATED PRODUCT 

PER CENT ACETIC ACID 

PI 

1.33 1 

Acl 

1.76 

P2 

1.00 

Ac2 

5.62 

P3 

1.50 

Ac3 

2.48 


The acetylated products were just as insoluble as the original humic acids, 
being peptized only by dilute alkalies. 


Determination of acetyl content 

The method employed in determining acetyl content, with slight modifica- 
tion, was that of Perkins (9). The sample, in 0.5 to 1.0 gm. quantity, along 
with 25 cc. of 95 per cent aldehyde-free ethanol was placed in a round-bottom 
flask, connected to a condenser. Five cubic centimeters of concentrated sul- 
furic acid was added dropwise, and the mixture was refluxed for 15 minutes. 
The water in the condenser was then drained, and the acetic acid was swept, 
by a slow stream of alcohol vapor, out of the reaction flask into an Erlenmeyer 
containing 25 cc. of 0.2 N alcoholic potassium hydroxide. This procedure was 
continued until the volume of the distillate in the receiving flask was approxi- 
mately ISO cc. During the reaction, which required about an hour for com- 
pletion, the water bath around the reaction flask was heated at such a rate that 
the contents of the flask were reduced in volume about one half. The distil- 
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late was then refluxed for 30 minutes, diluted with distilled water, and the 
unused potassium hydroxide determined by titration with 0.1 hydrochloric 
acid. 

The results are presented in table 2, expressed as percentage of acetic acid 
and also as milliequivalents of acetic acid per 100 gm. of water-free, ash-free 
sample. 

The acetyl content of all three humic acids is relatively low, and their be- 
havior toward acetylation is very similar to that of lignin isolated from soil 
and from corncobs by alcoholic NaOH. 


TABLE 2 

Acetyl content of certain organic complexes 




ACETYL CONTENT 

SAMPLE 

SOUECE 

Per cent acetic 
acid 

M.e. of acetic 
acid per 100 gm. 
of sample 

PI 

Grassland soils from the Great 
Plains 

1.33 

22 

P2 

Minnesota muck soil 

1.00 

16 

P3 

Michigan forest soils 

1.50 

25 

Acl 

Acetylated humic acid PI 

12.36 

206 

Ac2 

Acetylated humic acid P2 

18.79 

313 

Ac3 

Acetylated humic acid P3 

18.53 

308 

Lignin 15*** 

Marshall clay loam 

1.5 

25 

Ads'* 

Acetylated lignin 15 

22.9 

381 

Lignin 6* 

Corncobs 

0.2 

4 

Ac6*. . . 

Acetylated lignin 6 

13.6 

227 

Ligninf 

. 

Corncobs 

24.13 

404 

Ligninf 

Oat hulls 

23.44 

392 


Data from Weldon (14). 
t Data from Phillips (10). 
Ac == acetylated. 


M ethylation 

Humic acids PI, P2, and P3 were methylated by suspending a 5-gm. sample 
in 100 cc. of water containing 10 cc. of a 50 per cent solution of potassium 
hydroxide. The mixture was agitated by a mechanical stirrer, and 20 cc. of 
dimethyl sulfate was added dropwise. From 10 to 20 cc. more of potassium 
hydroxide was needed in each case to keep the suspension alkaline during the 
course of the reaction. The reaction is exothermic; consequently, to prevent 
overheating, the flask was surrounded by cold water at the start of the reaction. 
Stirring was continued from 1 to 2 hours at room temperature. The flask was 
then gradually warmed to 60°C. in a water bath and held at this temperature 
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for 2 hours. After standing overnight, the suspension was poured into a large 
volume of cold water containing a few drops of sulfuric acid. The mixture 
was agitated and filtered. Since no alkali-insoluble product could be sepa- 
rated, all of the humic acid was precipitated whether methylated or not. The 
black gelatinous precipitate was dried at 60°C., ground, and washed with 
water. The sample was then returned to the methylating flask, and the above 
procedure was repeated. Each sample was methylated three times, or until 
the methoxyl content became constant. The final product was then filtered, 
dried, and ground. The dry sample was washed with distilled water, 50 per 
cent alcohol, and finally leached again with copious amounts of water. The 
behavior of the three methylated humic acids toward all solvents was exactly 
the same as that of the corresponding humic acids. 

TABLE 3 


Methoxyl content of humic acid, methylated humic acid, and certain lignins 


SAMPLE 

soxmcE 

METHOXYL CONTENT 

Per cent 

M.e. per 100 
gm. of sample 

Pi 

Grassland soils from the Great 
Plains 

1.03 

33 

P2 

Minnesota muck soil 

1.67 

54 

P3... 

Michigan forest soils 

1.74 

56 

Mel. 

Methylated humic acid Pi 

8.71 

281 

Me2 

Methylated humic acid P2 

8.98 

289 

Me3 

Methylated humic acid P3 

7.92 

255 

Lignin 6*. 

Corn cobs 

12.9 

444 

Lignin 25* 

Marshall clay loam 

1.6 

56 

Me lignin 6*. 

Corn cobs 

27.1 

935 

Me lignin 25*. 

Marshall clay loam 

17.5 

603 

Ligninf. 

Oat hulls 

15.6 

503 

Me ligninf 

Oat hulls 

31.7 

1022 


* Data from Weldon (14). 
t Data from Phillips (11). 
Me = methylated. 


Determination of methoxyl content 

The method employed in determining methoxyl content was that of Phil- 
lips (12). Approximately 0.3 gm. of sample and 10 cc. of hydriodic acid were 
placed in the apparatus, and the flask was heated to 130-140^^0. The con- 
denser was maintained at a temperature of 50~60°C. A slow stream of carbon 
dioxide carried the methyl iodide out of the reaction flask and into the alcoholic 
silver nitrate. The silver iodide was filtered, washed, dried, and w^eighed. 

The results, calculated as per cent methoxyl and also as millequivalents of 
methoxyl per 100 gm. of sample, on the ash-free, moisture-free basis, are 
presented in table 3. 
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Base-exchange capacity 

Various investigators (4, 6, 7) have shown that organic materials possess 
base-exchange properties and that the exchange capacity of the organic 
materials increases as the decomposition progresses. Other workers (3, 7) 
have concluded that the base-exchange capacity of organic materials is due 
to certain groups^ such as the phenolic hydroxyl and the carboxyl. If this 
be true, the effect of blocking these groups by acetylation and methylation 

TABLE 4 


Exchange capacity of humic acid, aceiylated and methylated humic acid, and certain lignins 


SAMPLE 

SOURCE 

BASE-EXCHANGE 
CAPACITY, AVER- 
AGE M.E. OP CAL- 
CIUM AND 
BARIUM PER 100 
GM. OF SAMl’LE 

LOSS OP EX- 
CHANGE CAPAC- 
ITY, M.E. PER 100 
GM, OF SAMPLE 

Pi 

Grassland soils from the Great 

394 



Plains 



P2 

Minnesota muck soil 

274 


P3 

Michigan forest soils 

253 


Ligno-humate* 

Average of 10 soils 

OO 


Lignin 6f 

Corncobs 

28 


Lignin 25 1 

Marshall clay loam 

339 


Acl 

Acetylated humic acid PI 

342 

52 

Ac2 

Acetylated humic acid P2 

248 

26 

Ac3 

Acetylated humic acid P3 

224 

29 

Ac Lignin 6% 

Corncobs 

8 

20 

Ac Lignin 25t 

Marshall clay loam 

74 

265 

Mel 

Methylated humic acid PI 

273 

121 

Me2 

Methylated humic acid P2 

227 

47 

Me3 

Methylated humic acid P3 

246 

7 

Me Lignin 6f 

Corncobs 

2 

26 

Me Lignin 25 f 

Marshall clay loam 

9 

330 


* Data from McGeorge (4), 
t M.e. of calcium only. 

{ Data from Weldon (14). 


can be studied by means of the base-exchange reaction. Therefore the base- 
exchange capacities of all three humic acids and of their corresponding 
acetylated and methylated products were determined by the following pro- 
cedure: 

A sample weighing 0.5 to 1.0 gm. was placed in a Gooch crucible, leached 
with ISO cc. of neutral normal calcium acetate solution, and then washed with 
G 02 -free water to the absence of calcium in the filtrate. The sample was 
then leached with 150-175 cc. of 0.1 N hydrochloric acid, and the calcium con- 
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tent of the filtrate was determined. After leaching with acid, the sample was 
washed with distilled water, and the procedure was repeated, using neutral 
normal barium acetate solution. The results, calculated in terms of milli- 
equivalents of exchangeable cation per 100 gm. of water-free, ash-free material, 
are presented in table 4. 

From these data we note that both acetylation and methylation of the humic 
acids decreased the base-exchange capacity slightly, methylation being more 
effective than acetylation in blocking off certain groups involved in the base- 
exchange reaction. The greatest loss in exchange capacity always occurred 
with humic acid PI, Similarly, we note that the loss in exchange capacity of 
corncob lignin caused by acetylation and methylation was of the same order 
as that for P2 and P3. The effect of methylation and acetylation on the 
exchange capacity of soil lignin, however, is several times as great as the effect 
on humic acid. In every instance the decrease in exchange capacity is many 
times less than equivalent to the increase in acetyl or methoxyl content. This 
appears to indicate the presence of hydroxyl groups that may readily be 
esterified and methylated but that are not active in the base-exchange reaction. 
These may be enolic, alcoholic, or very weakly acidic phenolic hydroxyl groups. 
If it is assumed that the base exchange of the humic acids is due primarily to 
phenolic hydroxyl groups, some of the hydroxyls must not be esterified by 
acetic anhydride under the conditions of this investigation, since the exchange 
capacity was affected so slightly. It is more likely that groups other than the 
hydroxyl, e.g., carboxyl groups, play a dominent role in the exchange reaction 
of the humic acid. 

Titrations 

The titrations, in each instance, were carried out by placing the equivalent 
of 1 gm. of humic acid, on the oven-dry, ash-free basis, in each of four 250-cc. 
Erlenmeyer flasks. To each flask was added 75 cc. of C02-free water, and flask 
1, containing the humic acid and distilled water, was set aside. To flasks 2, 
3, and 4, respectively, were added 4, 8, and 12 cc. of 0.1 A sodium hydroxide! 
In addition, each flask contained five drops of toluene. The flasks were then 
placed in the mechanical shaker for 24 hours. At the end of this period the 
pH and the resistance were determined by a glass electrode and a salt bridge, 
respectively. The reaction between the humic acid and alkali is slow, because 
of the heterogeneity of the colloidal dispersion and, to a less extent, the state 

aggregation of the acid. Equilibrium was not established until the sus- 
pensions had been subjected to 20 hours of continuous shaking. To each 
flask was added 1 cc. of 0.1 A* sodium hydroxide from a burette, the flasks were 
shaken for 24 hours, and the reaction and resistance were again determined. 
This procedure was repeated daUy until at least 4 cc. of sodium hydroxide had 
been added to each suspension. Each titration was run in duplicate. 

^ ConducHmetric titrations. The salt bridge used in the conductimetric titra- 
tions did not possess any great precision, and the conductimetric curves 
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consequently cannot be relied upon to any great extent. They do indicate 
very definitely, however, that the sodium hydroxide is reacting with something, 
undoubtedly hydrogen ions (fig. 1). Curve D, figure 1, represents the dilution 
curve obtained by adding base in 1-cc. portions to 75 cc. of distilled C02-free 
water. Various methods were tried in an attempt to make the indicated 



Fig, 1. CoNDUGTiMETEic Titration Curves of Humic Acids with Alkali 
D, represents the dilution curve. With the exception of figure 6, the equivalent of 1.0 gm. 
of material on the oven-dry, ash-free basis was used in every titration 

breaks more pronounced; e.g., humic acid P2 w’as leached with sulfuric acid, 
washed with water, and titrated conductimetrically with barium hydroxide. 
The resultant curve showed no improvement over those in figure 1. 

Data from the conductimetric titrations indicate that humic acids PI and 
P2 possess end points at 65 and 70 m.e. of NaOH per 100 gm. of humic acid, 
respectively. These are indicated by the curves for PI and P2, in figure 1. 
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Inflections in these two curves also occur at 175 and 275 m.e. of alkali per 100 
gm. of PI and P2 respectively. Whether these latter points represent end 
points could not be said without further verification; howeverj it is interesting 
to note that corresponding inflections occur in the potentiometric curves PI 
and P2, figures 2 and 3. 

Potentiometric titrations. Ail of the potentiometric curves are plotted in 
figures 2 to 6. The curves for PI, Mel and Acl, are plotted in figure 2, and 
all three show a very definite inflection between pH 4.3 and 5.0. These 
stoichiometric points lie between 5.5 and 7 cc. of 0.1 A base. The curve PI 
possesses two distinct breaks, one at pH 4.8, 65 m.e. of NaOH per 100 gm., and 



Fig. 2. Potentiometric Titration Curves oe Humic Acid PI, Methylated PI, and 
Acetylated pi with Dilute Sodium Hydroxide 

the other at pH 8.7, 370 m.e. per 100 gm. Slight inflections in the curve PI 
are noted at pH 5.7 and 6.65, 175 m.e. and 235 m.e. of alkali per 100 gm. of 
humic acid respectively, and although these are not pronounced it should be 
pointed out that they are five to six times as large as the experimental error 
involved in determining the pH. The point at pH 5.7, 175 m.e. of NaOH per 
100 gm. of humic acid, was indicated in the conductimetric curve for PI 
(fig. 1). The very definite inflection occurring at pH 8.7 is reflected in the 
curve for the acetylated product. Since it occurs in both curves and at 
different pH levels it indicates that the end point is caused by the humic acid 
and not by carbonic acid. 
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Apparently methylation has blocked off all acidic groups with one exception, 
that being a group not methylated by dimethyl sulfate under the conditions 
employed. The curve for Mel (fig. 2) has a sharp inflection at pH 4.9, 70 
m.e. of alkali per 100 gm. of material. Above pH 5.1 the methylated humic 
acid possesses almost no buffering capacity, and the curve ascends sharply. 

Acetylation, on the other hand, was not nearly so effective in inhibiting the 
acidic properties of the acid. The curve for Acl (fig. 2) shows a much greater 
inflection around pH 4.6 than either the Mel or the PI curve. The group 
causing this inflection can therefore not be acetylated by acetic anhydride. 



Fig. 3. Potentiometric Titration Curves oe Humic Aero P2, Methylated P2, and 
Acetylated P2 with Dilute Sodium Hydroxide 

The other inflection, at pH 7.65, is also probably due to the presence of some 
group which was not acetylated by the procedure used. Curiously, acetylation 
increased the buffering capacity of the humic acid. At pH 6.0 the Acl curve 
crosses the PI curve and remains below the latter throughout the remainder 
of the titration. 

The potentiometric curves for P2, Me2, and Ac2 are plotted in figure 3. 
Again we note that all three materials possess a rather definite end point at a 
relatively low pH, between 3.7 and 5. 5 corresponding to 6 and 7 cc. of 0.1 iV 
NaOH, Curve P2 possesses two definite inflections, as did curve PI (fig. 2). 
The first inflection in curve P2, which occurs at pH 4.7, 62 m.e. of NaOH per 
100 gm. of humic acid, is not so abrupt as that for PI, and yet it is more marked 
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than that in the titration curves for certain dibasic acids, such as o-phthalic, 
succinic, and tartaric. The second point of inflection in curve P2 (fig. 3) 
occurs at pH 7./, 280 m.e. of alkali per 100 gm. of humic acid. 

Curve Me2 (fig. 3) shows an inflection at pH 4.8, 65 m.e. of alkali per 100 
gm. of humic acid, and indicates that humic acid P2, like humic acid PI, 
possesses a group which is not methylated by methyl sulfate. Again methyla- 
tion has destroyed the buffering capacity of the acid above pH 5.10. 

Acetylation of P2 has made the first inflection much more pronounced, the 
end point occurring at pH 4.8, while the second inflection noted in the curve 
for P2 has been eliminated. Apparently humic acid P2 possesses an acidic 



Fig. 4. Potentiomeiric Titration Curve of Humic Acid P2 with Barium HvDROxroE 

group which is readily acetylated by acetic anhydride. Above pH 6.4 the 
buffering capacity of P2 has been slightly increased by acetylation. 

When P2 was titrated with 0.23 N barium hydroxide the curve obtained 
was very nearly a straight line (fig. 4). The barium ion apparently flocculated 
the humic acid to such an extent the reaction could not take place. It is 
interesting to note that the slight inflection indicated in the curve (fig. 4) 
occurs at 17.5 cc. of barium hydroxide. This is equivalent to 40 cc. 0.1 A 
sodium hydroxide, at which point a slight inflection or disturbance of the curve 
was indicated in curve P2 (fig. 3). 

Figure 5 shows the potentiometeic curves for P3, Me3, and Ac3. Apparently 
this humic acid possesses a stoichiometric point on the acid side of the titration. 
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similar to that for PI and P2. The first inflection for P3 is very gradualj and 
the end point is only an approximation, at pH 4.6. A second and more 
marked inflection occurs at pH 5.8. 

The curve for Me3 (fig. 5) indicates a more abrupt change in the hydrogen- 
ion concentration than was shown by the curve P2, the end point occurring 
at pH 4.9. This curve closely resembles those for Mel and Me2. 

With one exception, acetylation of P3, as was the case with P2, effectively 
blocked the acidic groups, for the curve beyond pH 5.5 is relatively smooth. 



Fig. 5. Potentiometric Titration Curves oe Humic Acid P3, Methylated P3, and 
Acetylated P3 with Dilute Sodium Hydroxide 

The inflection in the Ac3 curve is more abrupt than that in the curve P3, and 
it indicates that the end point occurs at pH 4.8. 

It is held by some investigators that points of inflection in the titration curves 
of weak acids are apparent only when the acid is added to alkali. In an at- 
tempt to check on certain points of inflection in the potentiometric curves, 
definite volumes, 25 to 35 cc., of 0.1 N sodium hydroxide were placed in small 
Erlenmeyer flasks, to each of which vrere added minute amounts of the solid 
humic acid. The suspensions were mechanically shaken for 24 hours after 
each addition of humic acid, and the pH was then determined. The results 
are plotted in figure 6. The curves indicate that a reaction is taking place 
between the humic acid and base and show definite end points in a few in- 
stances. The points of inflection for PI at pH 8.8 and for P3 at pH 5,6 check 
the breaks obtained in the other curves fairly closely. The breaks indicated 
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for PI at pH 7.2 and for P2 at pH 8,1 do not check the stoichiometric poii 
in the other curves quite so well. 




.40 .50 .60 70 ^80 [90 To 

GRAMS HUMIC ACID 


!20 1.30 


Fig. 6, Titration Curves of Sodium Hydroxide with Humic Acids PI, P2 P3 
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Fig. 7. Titration Curves or Hume Acids PI, P2, P3 with Sodium Hydroxide Solution 

si“ilanties exliibited by the potentiometric curves 
for thathree acids, these curves have been plotted in figure 7. Annarentlv 
they differ only in the location of their respective inflection points. 
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Fig. 8. Titration Curves of the Acetylated Humic Acids with Sodium Hydroxide 

Solution 


0 METHYLATED HUh4iC ACID P 1 
a METHYLATED HUMIC ACID P2 
® METHYLATED HUMIC ACID P 3 


10 15 20 

CC. O.ION NaOH 


Fig, 9. Titration Curve of all Three Methylated Humic Acids with Sodium 

Hydroxide Solution 

SimEarly the potentiometric curves for the three acetylated products have 
been plotted in figure 8. They show the definite end points for Aci, Ac2, and 
Ac3 occurring at pH 4.6, 4.8, and 4.8, respectively. Acetylation did not 
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diminish the buffering capacity of the humic acids, but it did tend to smooth 
out the potentiometric curves. 

Finally, the potentiometric curves for the three methylated products have 
been plotted in figure 9. The most striking figure of the group, this shows 
graphically that the methylated products of all three humic acids are almost 
identical in their behavior toward titration. Since the acids are probably 
synthesized from the same central nucleus, and methylation has completely 
blocked most of the acidic groups, which were formed by partial degradation 
of the central nucleus, it is reasonable to suspect that the titration curves of 
the methylated products would be nearly identical. 

TABLE 5 

P oints of abrupt change in the potentiometric titration curves of the humic acids and of the 
acetylated and methylated humic acids 


HUMIC 

ACID 

pH 

M.E. or 
NaOH PEE 
100 GM. 
HUiCiC ACID 

ACETYLATED 

PRODUCT 

pH 

M.E. OF 

NaOH 
PER 100 GM. 
MATERIAL 

METHYL- 

ATED 

PRODUCT 

pH 

M.E. OF 
NaOH PER 
100 GM. 
MATERIAL 


4,8 

65 


4.6 

54 


4.9 

70 

PI 


65* 

Acl 



Mel 




8.7 

370 . 


7.6 

370 


i 



4.7 

62 


4.8 

70 


4.8 

65 

P2 


70* 

Ac2 



Me2 




7.7 

280 









275* 








4.6t 

40t 


4,8 

36 


4.9 

70 

P3 



Ac3 



Me3 




5.8 

185 








* End point indicated by conductime trie measurements. 

t Approximate. 

The points of abrupt change in the concentration of the hydrogen ions when 
the humic acids and their acetylated and methylated acids were titrated with 
0.1 NaOH are summarized in table 5. 

DISCUSSION 

Various workers have demonstrated that the nitrogen in the humic acid 
fraction is present in a proteinlike combination. By use of the conventional 
factor 6.25 and data from table 1, humic acids PI, P2, and P3 will be found to 
contain, respectively, 37, 34, and 38 per cent of proteinlike material and 63, 
66, and 62 per cent of a complex containing no nitrogen. By use of an average 
figure for plant protein, the composition of this remaining complex was calcu- 
lated, and is given in table 6. 

These fractions containing no nitrogen are very similar to lignin insofar as 
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carbon is concerned but are slightly lower in content of hydrogen. Apparently 
there is a relationship between the humic acid of the soil and lignin, a relation- 
ship which is indicated by certain chemical reactions. 

Any differences that may exist between the three humic acids are slight, and 
it was thought probable that these differences might be illustrated by the 
chemical reactions and analyses used in this investigation. The acetyl content 
of all three acids was found to be practically identical. Their behavior towards 
acetylation was very similar to that of lignin isolated from soil and from 
corncobs. Apparently humic acids P2 and P3, from muck and forest soils 
respectively, can be acetylated more readily and more completely than humic 
acid PI, from prairie soil. The acetyl content of P2 and P3 was increased 
by acetylation 297 and 283 m.e., respectively, per 100 gm. of sample, as com- 
pared to 184 m.e. for PI. This variation might be explained by assuming 

TABLE 6 


Comparison of analyses of several organic complexes 



PEE CENT 

C 

PEE CENT 

H 

PEE CENT 

N 

PER CENT 

0 

PI minus protein 

62.0 

3.1 

0.0 

34.9 

P2 minus protein 

62.3 

4.8 

0.0 

32.9 

P3 minus protein 

57.7 

4.8 

0.0 

38.3 

Humic acid (peat)®^ 

58.2 

4.3 

1.0 

36.5 

Humic acid (soil)* 

56. 

5.1 

5.4 

33.5 

Plant protein* 

52. 

7.0 

16. 

25.0 

Cellulose* 

44.4 

6.2 

0.0 

49.4 

Ligninf 

61-64 

5-6 

0.0 

30t 



* Data from Marshall (5, p. 104). 
t Data from Norman (8, pp. 159-166). 
t Approximate. 


that PI lacks certain groups characteristic of P2 and P3 or that the nature or 
number of these groups, if present in PI, is very different. This difference is 
indicated in the potentiometric curves plotted in figure 8. The inflection in 
the curve Acl at a relatively high pH shows that PI contains some acidic 
group which was not acetylated by the procedure used. 

Lignin isolated from a prairie soil by alcoholic normal sodium hydroxide 
solution (14) contained the same percentage acetic acid as did the humic acids, 
but the acetic acid content of corncob lignin was very much lower. The acetic 
acid content of soil lignin and corncob lignin was increased by acetylation 3S6 
and 223 m.e. respectively, per 100 gm. of sample. 

The methoxyl contents of all three humic acids and soil lignin were found 
to be low, approximately 1.5 per cent, and almost identical, while those for 
corncob lignin and oat hull lignin were respectively, 12.9 and 15.6 per cent. 
Apparently, in the formation of the humic acids and soil lignin from plant 
lignin, considerable loss of methoxyl groups took place. The methoxyl content 
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of soil lignin, corncob lignin, and oat hull lignin can be increased by methyla- 
tion by approximately 520 m.e. per 100 gm. of sample, whereas the increase 
in methoxyl content for each humic acid is approximately 228 m.e. per 100 
gm. of acid. 

It has been shown that methylation and acetylation decreased the base- 
exchange capacity of aU three acids. The decrease, however, is much less 
than equivalent to the increase in acetyl and methoxyl content. This clearly 
indicates the presence of hydroxyl or other groups which readily undergo 
methylation and acetylation but which are not involved in the base-exchange 
reaction. Corncob lignin and soil lignin likewise possess many groups which 
are readily acetylated and methylated but which are not active in the base- 
exchange reaction. Since the base-exchange capacity of both lignins, however, 
was reduced tremendously by acetylation and methylation, it is apparent that 
these reactions are centered, to a large degree, in the same groups that are 
responsible for the exchange reaction. This is in contrast to the behavior of 
the humic acids. 

It would appear, then, that the base-exchange reaction of lignin deals pri- 
marily with enolic and weakly acidic phenolic hydroxyl groups, while the 
reactions of methylation and acetylation deal with alcoholic as well as enolic 
and weakly acidic hydroxyl groups. In contrast, the exchange reaction of the 
humic acid is centered in the carboxyl and acidic phenolic groups, whereas 
methylation or acetylation, in general, involves a reaction with the alcoholic 
hydroxyl groups. 

Plant lignin when incorporated in the soil decomposes very slowly. As it is 
slowly modified, it combines with a nitrogenous material to form humic acid. 
The partial degradation of lignm consists of demethylation, probably hydrol- 
ysis of certain groups, fission of some specific rings or linkages, and various 
other chemical reactions that would result in the formation of acidic groups, 
such as carboxyl or phenolic hydroxyl groups. These, being active in the base- 
exchange reaction, would greatly increase the exchange capacity of the re- 
sultant complex, humic acid. It would, however, still possess groups which 
could be methylated and acetylated but which would be inactive toward base 
exchange. Relative to plant Kgnin the capacity for methylation of humic 
acid fa very much smaller. Therefore, during the formation of humic acid 
from lignin there has been a loss or rearrangement of certain groups, or a 
linking of the nonnitrogenous portion to the proteinlike complex through these 
groups, which has reduced the capacity of the humic acid to be methylated. 

The potentiometric curves illustrate the striking similarity, and a few minor 
differences, between the three humic acids. All three titration curves for the 
acids possess a point of inflection around pH 4.7. Methylation and acetyla- 
tion failed to eliminate the break in the curve, which no doubt is due to the 
presence of a carboxyl group in the humic acid. The results do not exclude 
the possibility that we may have titrated a mixture of acidic materials. 

With one exception, acetylation tended to smooth the titration curves of 
the humic acids beyond pH 4.7. Evidently certain weakly acidic groups were 
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blocked by esterification. This might explain the fact that the potentiometric 
curves for the acetylated products possess the most pronounced inflection 
points, around pH 4.7, of all the titration curves. The break in the curve for 
each humic acid might be influenced by several acidic groups, e.g., enolic or 
phenolic hydroxyl groups. Acetylation of these would leave the carboxyl 
group free to react with the alkali, and the curve should show a more distinct 
point of inflection. Virtually the only distinction noted between the three 
humic acids was indicated in the potentiometric curves for the acetylated 
products and in the base-exchange capacity. As has been pointed out, PI 
possesses some acidic group not common to humic acids P2 and P3. This 
group is readily methylated but is not acetylated by acetic anhydride. The 
base-exchange capacity of PI is greater than that of either P2 or P3, a fact 
which might be attributed to the presence of this acidic group. 

The neutralization capacity, or the adsorption capacity of these acids at 
neutrality, can readily be calculated from the curves. The titration curves 
intersect a line drawn horizontally from pH 7.0 at a definite point, corre- 
sponding to a certain volume of 0.1 A' sodium hydroxide or to a given number 
of milliequivalents of sodium hydroxide per gram of acid. The amount of 
adsorbed base on a milliequivalent basis was found to agree in a general way 
with the exchange capacity for the humic acids and acetylated products. These 
values are tabulated below for the sake of comparison. 


SAMPLE 

NEUTRALIZATION CAPACITY 

BASE-EXCHANGE CAPACITY 

M.€. of NaOH per 1CM3 gm. 

Average m.e. of Ca and Ba per 

100 gm. 

PI 

270 

394 

P2 

249 

274 

P3 

271 

253 

Acl 

305 

342 

Ac2 

252 

248 

Ac3 

250 

224 

Mel 

135 

273 

Me2 

134 

227 

Me3 

148 

246 


There is a wide discrepancy between these two values for the methylated 
products, Methylation was so effective in destroying the buffering capacity 
of the acids, and the potentiometric curves were so similar, that the neutraliza- 
tion capacity of each methylated product was decreased by about 100 m.e. per 
100 gm. of sample. 

SUMMARY . 

Humic acid was extracted and studied rather extensively from three soil 
groups; namely, gray-brown forest soils, muck soU, and grassland soils of 
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the Prairie, Chestnut, and Chernozem regions. The three humic acids were 
found to be very similar in all physical and chemical properties. 

The humic acids isolated were negatively charged hydrophilic colloids. The 
conductivity of these, suspended in distilled water, was low, ranging from 400 
to 2000 reciprocal ohms. 

Combustion analysis showed their elementary compositions to be very 
similar. 

The acetyl and methoxyl contents of the humic adds were low and were 
almost identical with those of lignin extracted from a prairie soil by means of 
alcoholic sodium hydroxide. 

The humic acids were readily acetylated and methylated. Plant and soil 
lignins were methylated much more completely than the humic acids, but 
acetylation of the acids took place as readily and completely as with the plant 
lignin. 

The base-exchange capacity for all three humic acids was high. The ex- 
change capacity was reduced slightly by acetylation and methylation, but 
the reduction was much less than equivalent to the increase in acetyl and 
methoxyl content. 

All three humic acids possess hydroxyl groups which can be esterified or 
methylated but which do not undergo base-exchange reaction. These may be 
alcoholic, enolic, or weak phenolic groups. 

The potentiometric titration curves indicate the presence of a carboxyl 
group in each humic acid. Potentiometric titrations of the humic acids with 
barium hydroxide were not successful, since the barium ion flocculated the 
acids to such an extent the reaction could not proceed. The differences noted 
between the humic acids were very few and dealt with slight variations in 
base-exchange capacities and titration curves. Humic acid PI, from prairie 
soils, contained an acidic group which was not found in the other two and 
which could not be esterified by acetic anhydride. It also had the highest 
base-exchange capacity of the three acids. Humic acids P2 and P3, from 
muck and gray-brown forest soils respectively, were more readily and more 
completely acetylated than was humic acid PI. 

The slight differences noted probably are due to the presence or absence 
of certain minor groups in the complex. When these differences were mini- 
mized by methylation the humic acids were proved to be almost identical. 

The study indicated that the nonnitrogenous fraction of the humic acid 
consists of a slightly modified lignin complex. This modification is probably 
brought about primarily by demethylation, hydrolysis, and other chemical 
reactions which would cause the formation of phenolic and carboxyl groups. 
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At the Citrus Experiment Station, Riverside, there is a 9-year-old navel 
orange orchard on which differential irrigation experiments have been con- 
ducted since 1933. Studies in the control of soil moisture necessitate the 
taking of a large number of soil samples at regular intervals. Haas (7) deter- 
mined the pH range for the healthy growth of citrus in sand, soil, and solution 
cultures and was desirous of studying the pH range for healthy growth in the 
field. By utilizing samples taken in the irrigation program for the determina- 
tion of pH, a considerable saving was accomplished. 

The soil in the experimental orchard is classified as Ramona sandy loam 
and has a moderately compact stratum at a depth of from 2 to 3 feet. Prior 
to the planting of the orchard in June, 1930, the field had been utilized in the 
growing of grain by dry farming. Beginning with the second year at the 
orchard, 5 pounds of ammonium sulfate per tree per annum was applied.® 
Organic matter has been applied three times, twice as barnyard manure (0.5 
pound of nitrogen per tree) and once as bean straw (0.5 pound of nitrogen 
per tree). A mixed cover crop has been grown each winter and turned under 
in spring. 

Most of the orchard is furrow irrigated, and a small part is basin irrigated. 
Water of moderately low salt content and with a measured pH range of 7.8 
to 8.5 has been used at all times for irrigation. Algae had an influence on the 
pH of the water. 

At first, pH determinations were made on suspensions (1-5 soil-water ratio) 
of samples that had been used in determining soil moisture in the differentially 
furrow-irrigated plots. Even though it soon became apparent that the pH 
values at such dilutions were not representative of the values prevailing under 
the moisture conditions in the orchard, the determinations were continued 
on that basis. Subsequently pH determinations were made in situ and on 
drawn samples in both the furrow- and basin-irrigated plots. The pH deter- 

Paper No. 408, University of California Citrus Experiment Station, Riverside, California, 

^ It is recognized that Sorensen^s definition of pH applies to an aqueous solution and not 
necessarily to a two- or a three-phase system. The values recorded are the readings obtained 
by using. pH meters. 

® Beginning in 1938, some changes in fertilizer practice were made on certain basin-irrigated 
plots, as indicated in subsequent sections of this paper. 
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minations on drawn samples at field moisture content were made with the 
spear-type glass electrode as developed by McGeorge (17), and as used with 
a Coleman pH meter (type 3D) ; determinations of pH in situ were made with 
a Beckman (extension type) shielded glass electrode and a companion calomel 
electrode. These electrodes permitted determinations at a distance of 10 
feet from the pH meter. For measurements made with the Coleman instru- 
ment, the temperature of the samples and of the machine was that of the 
room; for the determmations of pH of soil in situ, the machine was adjusted 
to the temperature of the soil. Distilled water was used at all times during 
these studies, and the instruments were checked at frequent intervals against 
suitable buffer solutions of known pH values. 

Absence of a standardized technic in determining the pH of soils necessitated 
a study of some of the factors affecting the pH of the sample. 

EFFECT OF DEYING UPON pH OF SOILS 

An extensive study of the effect of air drying on the pH of soil was carried 
on by Bailey (2), who employed the bubbling hydrogen electrode to determine 
the pH of 327 soil samples. These samples were collected throughout the 
United States and Canada and were transported in tin containers with tight- 
fitting covers. In the procedure used by Bailey the soil samples in every 
case were thoroughly mixed. One part (by volume) of soil to two parts of 
boiled distilled water was used with the medium- and light-textured soils, 
and four parts of boiled distilled water with clays. The method employed in 
the determination of pH largely eliminated the influence of CO?. The deter- 
minations, made on both the fresh and the air-dried samples, led Bailey to 
the following conclusions: The pH of the soil suspension was not affected by 
the length of time the water was in contact with the soil sample, a conclusion 
substantiaUy in agreement with the results of Dean and Walker (6); air drying 
generally lowered the pH;^ and soil samples should be air-dried prior to dilution 
in the determination of pH. 

The volume method gives no consideration to the residual moisture in the 
soil sample. As shown by Salter and Morgan (23), McGeorge (18), Keaton 
(12), and in this paper, the degree of dilution is an important factor in regard 
to the pH value. From a study of the pH of displaced soil solutions, Wilcox 
(25) has suggested that in the use of extractions for pH determination, the 
lowest ratio of water to soil be used. 

As previously mentioned, the routine soil samples coUected and oven dried 
for moisture determinations were available to us for study. To learn whether 
oven-dried samples could be used satisfactorily, a comparison was made of the 
pH of oven-dried and air-dried samples. Table 1 gives the results (on a 1-5 
soil-water ratio basis) for samples taken in a furrow-irrigated plot of the ex- 

^ McGeorge (16) found that the pH values of alkaline calcareous soils were increased by 
air drying as compared with determinations made on fresh soil. 


THE pH OF SOIL 


457 


perimental orchard. Samples in close proximity to each other were taken from 
ten holes, each to a depth of 4 feet. Each soil sample was thoroughly mixed 
and divided; one portion was air dried while another was oven dried. The 
pH values of the air-dried soil samples were consistently higher than those of 
the oven-dried samples. Although McGeorge employed a temperature of 
350®C. for drying samples of alkaline calcareous soils as compared with lOO^C. 
used by Joseph and Martin (11) in drying alkaline Egyptian soils, or with 
105*^C. in the present experiments, the results all agree in that lower pH values 
were obtained with heated soils than with air-dry soils. The variability of 
the values obtained in the present experiments on the oven-dry samples was 
no greater than that for the air-dry samples. It was feasible, therefore, to 

TABLE 1 


pE Values of oven-dried and air-dried Ramona sandy loam 
(1-5 Soil-water ratio) 


HOLE NUMBER 

BERTH, 

1 ROOT 

I DEPTH, 

2 EEET 

DEPTH, 

3 BEET 

DEPTH, 

4 FEET 

Oven dry 

Air dry 

Oven dry 

Air dry 

Oven dry 

Air dry 

Oven dry 

Air dry 

1 

6.74 

6.81 

7.17 

7.34 

7,35 

7.38 

7.26 

1 7.67 

2 

6.03 

6.33 

7.08 

7.44 

7.19 

7.46 

6.98 

7.37 

3 

6.56 

6.63 

7.14 

7.36 

7.34 

7.70 

7.00 

7.53 

4 

6.68 

6.82 

6.77 

7.27 

7.23 

7.63 

7.36 

7.65 

5 

7.35 

7.87 

7.35 

7.83 

7.17 

7.60 

6.88 

7.13 

6 

7.19 

7.54 

7.47 

7.89 

7.48 

7.97 

7.54 

7.89 

7 

6.73 

6.80 

7.24 

7.56 

7.57 

8.01 

7.63 

8.07 

8 

6.08 

6.13 

7.00 

7.11 

7.10 

7.23 

7.30 

7.33 

9 

7.07 

6.98 

7.22 

7.18 

6.93 

7.01 

7.42 

7.50 

10 

6.59 

6.62 

7.24 

7.58 

7.27 

7.60 

7.20 

7.51 

Av... 

6.52 

6.64 

7.13 

7.39 

7.24 

7.46 

7.20 

7.49 


use the oven-dried samples to determine the relative changes in the pH of soils 
under various irrigation treatments. 

To determine the effect of duration of oven-drying on the pH of soil, four 
different soils in the air-dry condition were used. Each soil was thoroughly 
mixed and screened, and certain fractions of the soils were then oven-dried 
(105®C.) for 17| and 118 hours, respectively. Determinations of pH were 
made at the 1-5 and 1-10 soil- water ratios. Table 2 presents the results 
obtained. Prolonged heating produced lower pH values in both the 1-5 
and 1-10 dilutions of Aiken clay loam, a primary soil derived from basic igneous 
rocks, and of Ramona sandy loam. Unlike the Aiken and Ramona soils, 
Tujunga sand, a raw soil derived from granitic rock high in quartz, and Traver 
clay, the sample of which was highly saline, showed no consistent changes in 
pH values after prolonged heating. 
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EEPECT OF STORAGE ON pH 

Since the data in table 1 show that the pH values of the air-dried samples 
were higher than those of oven-dried samples, and since it is not always prac- 
ticable to make the pH determinations promptly after soil sampling, it is 
desirable to know what, if any, changes in pH occur during storage. Samples 
from the navel orange orchard were obtained from ten holes to a depth of 4 
feet, five holes on April 15 and five on April 23, 1938. Half of the samples 
(table 3) were initially oven-dried, and pH determinations were made on a 
part of each sample; the remainder of the sample in each case was air-dried 
for a period during which pH determinations were made on portions of the 
sample; and finally pH determinations were made on the oven-dried remain- 
der. The other half of the samples (table 3) were initially air-dried, and 

TABLE 2 


Kjffect of duration of oven drying (lOS^C.) on pH of various soils 


SOIL 

SCREENT 

SIZE, 

NUMBER* 

SAMPLE 

SIZE 

DILUTION 

(soil- 

water 

ratio) 

dried 17i HOURS 

DRIED 118 HOURS 

Sample A 

Sample B 

Sample A 

Sample B 









Aiken clay loamf. 

20-40 

30 

1-5 

6.01 

6.09 

5.86 

5.85 




1-10 

6.17 

6.15 

5.93 

5.90 

Tujunga sand 

40-60 

30 

1-5 

6.45 

6.40 

6.60 

6.60 




1-10 

6.50 

6.53 

6.43 

6.42 

Ramona sandy loam. . . . 

40-60 

30 

1-5 

7.52 

7.52 

7.32 

7.31 




1-10 

7.47 

7.50 

7.29 

7.22 

Traver clay 

60-80 

30 

1-5 

10.61 

10.61 

10.61 

10.61 




1-10 

10.60 

10.60 

10.57 

10.57 


* 20-40 indicates material passed a 20-mesli and was caught on a 40-mesh screen, 
t Soil high in organic matter. 


pH determinations were made over a period of time on portions of the 
sample; and finally the remainder of each sample was oven-dried, and pH 
determinations were again made. In table 3 the soils in the two series repre- 
sent different samples, whereas those in table 1 are portions of uniformly 
mixed samples. The average initial pH values (table 3) of the air-dried and 
oven-dried samples taken April 15 and April 23, 1938, were approximately 
the same. 

In the first series, oven-dried for 48 hours, subsequent storage in paper bags 
brought about an increase in pH. When these samples were again oven-dried, 
the pH values were approximately those of the original oven-dried soil. In 
t e second series, continued storage in the air-dry condition was accompanied 
by higher pH values than those of the initial air-dried soil. Oven drying of 
the samples which had been stored for nearly a year caused the pH to be 
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lowered to nearly the original value. The pH of air-dry samples fluctuated 
considerably during the storage period. 


TABLE 3 

Changes in pH produced in stored samples of Ramona sandy loam obtained from an orchard 

(1-5 Soil-water ratio) 


HOLE NUMBER 

DEPTH 

TREATMENT OP SAMPLES COLLECTED 
4/15/38 AND OVEN DRIED 

TREATMENT OP SAMPLES COLLECTED 
4/23/38 AND AIR DRIED 

Oven 

dried 

4/15-4/17 

1938 

! Air 
dried 
4/17-8/4 
1938 

Air 

dried 

4/17/38- 

2/18/39 

Oven 

dried 

2/21-2/23 

1939 

Air 

dried 

4/23-4/30 

1938 

Air 

dried 

4/23-8/6 

1938 

Air 

dried 

4/23/38- 

2/18/39 

Oven 

dried 

2/21-2/23 

1939 



feet 











1 

6.32 

6.59 

6.92 

6.63 

6.43 

7.08 

6.93 

6.68 

1 ^ 

1 

2 

7.13 

7.50 

7.37 

7.12 

6.66 

7.40 

7.19 

6.88 

1 1 

1 

3 

6.87 

7.32 

7.03 

6.74 

, 6.77 

7.60 

7.34 

7.12 


1 

4 

6.80 

7.32 

7.13 

6.93 

6.86 

7.80 

7.47 

7.15 



1 

6.42 

6.85 

7.00 

6.80 

6.55 

7.42 

7.18 

6.88 



2 

7.16 

7.40 

7.28 

7.15 

1 7.50 

7.81 

7.50 

6.93 

1 < 

I 

3 

7.01 

7.39 

7.33 

7.14 

7.78 

i 8.10 

7.84 

7.48 


1 

4 

7.42 

7.70 

7.57 

7.21 

7.35 

8.00 

7.93 

7.34 


f 

1 

6.93 

7.38 

7.25 

7.00 

7.47 

8.00 

7.96 

7.52 



2 

1 7.55 

7.75 

7.50 

7.32 

7.37 

8.27 

7.97 

7.60 


t 

3 

7.69 

7.88 

7.71 

7.41 

7.49 

8.06 

7.72 

7.34 


1 

4 

7.28 

7.53 


7.00 

6.85 

7.48 

7.21 

: 7.00 


[ 

1 

6.47 

6.70 

6.90 

6.70 

6.48 

7.10 

6.92 

6.58 



1 2 

7.65 

7.83 

7.72 

7.28 

7.32 

7.71 

7.69 

7.37 

4 s 


3 

7.72 

8.02 

8.10 

7.73 

7.60 

8.09 

7.90 

7.65 


i 

4 

7.57 

7.91 

7.73 

7.47 

7.47 

7.89 

7.72 

7.50 


f 

1 

6.68 

: 6.96 

6.94 

6.63 

6.82 

7.60 

7.41 

7.10 

C j 


i 2 

7.12 

i 7.55 

7.46 

7.19 

7.38 

8.09 

7.93 

7.50 

J < 


3 

7.78 

7.98 

7.87 

7.47 

7.82 

8.24 

8.16 

7.47 


[ 

1 ^ 

7.32 

7.98 

7.78 

7.45 

7.32 

8.10 

7.85 

7.47 


\ 

1 

6.52 

6.83 

6.98 

6.73 

6.63 

7.34 

7.15 

6.85 



2 

7.27 

7.58 

7.44 

7.20 

7.12 

7.76 

7.56 

7.16 

Av. 1-5 < 

1 

1 ■ 

1 3 

7.24 

7.61 

7.44 

7.16 

7.29 

7.96 

7.71 

7.37 


i 

4 

7.19 

7.62 

7.47 

7.15 

7.09 

7.79 

7.54 

7.25 

Av 

1 6.92 

7.25 

7.28 

7.00 

6.95 

7.64 

7.44 

7.11 


EFFECT OF SIZE OF SAMPLE ON pH 

Buehrer and Williams (4), using highly calcareous soils, found a gradual 
rise in pH on increasing the absolute weights of the soil at the 1-10 dilution. 
In order to determine whether the pH values of the soils we were using were 
affected by variations in the absolute weights of samples, experiments were 
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conducted in which the ratio of soil to water was held constant, while the oven- 
dry soil weights varied. The same four soil types shown in table 2 were used 
in these trials. As shown in table 4, the range in size of the samples of screened 
soil was from 4 to 50 gm. In the 1-5 dilution for the soils tested there were 
no apparent changes in the pH values regardless of the soil sample size. De- 
terminations of pH values on a 1-10 basis were made also, and comparable 

TABLE 4 


Effect of size of sample on pH of various soils at 1-5 soil-water ratio ^ titration-type glass electrode 


SAMPLE SIZE 

SOIL SERIES 

Aiken 

Tujunga 

Ramona 

Travel 






4 


6.89 





7.00 



5 

6.40 

6.87 

7.78 

10.27 


6.40 

6.88 

7.85 

10.25 

6 

6.43 

6.77 

7.87 

10.27 


6.40 

6.86 

7.81 

10.27 

8 

6.40 

6.90 

7.84 

10.25 


6.41 

6.98 

7.87 

10.25 

10 

6.43 

6.90 

7.90 

10.27 


6.45 

6.91 

7.90 

10.27 

15 

6.47 

6.75 

7.78 

10.30 


6.43 

6.79 

7.76 

10.29 

20 

6.43 . 

6.82 

7.83 

10.27 


! 6.45 

6.83 

7.85 

10.27 

25 

6.40 

6.82 

7.80 

' 10.28 


6.40 

6.79 

7.80 

10.29 

30 

6.44 

6.78 

7.85 

10.31 


6.43 

6.80 

7.83 

10.31 

35 


6.64 





6.68 



40 

6.40 

6.69 

7.83 



6.40 

6.80 

7.80 

10.32 

SO 

6.43 

6.78 

7.77 



6.40 

6.89 

7.72 

10.32 

Av .. 

— 

6.42 

6.81 

7.82 

10.28 


results were obtained. Unless otherwise specified, 30-gm. samples of soil 
were used in the laboratory. 


EFFECT OF SOIL DILUTION ON CHANGES IN pH 

Titration-type glass electrode 

Fractions of the same soil types reported in table 4 were used in a study of 
the effect of dilutions on pH values determined with a titration- type glass 
electrode. As seen in table 5, the data for the Tujunga soil at any given diiu- 
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tion witlim the soil-water range (1-2 to 1 - 10 ) show a decrease in pH with 
increasing dilution. This is what would be- expected were the buffer effect 
overcome by the large amounts of distilled water (pH 5.30) used. For any 
given size of sample tested^ in the other soils studied, there was a small increase 
in pH as the dilution of the sample was increased. This fact is suggested in 
the results of Kelley and Brown (14), who found low pH values for extracts 
of two soils when the ratio of soil to water was 1 to 2, and higher pH values 
with greater dilution, reaching a maximum with one soil when the ratio was 
1 to 10 and with the other soil when the ratio was 1 to 40. 

Spear 4yfe glass electrode 

The spear-type glass electrode, which is well adapted for measurements of 
pH values of soils at low moisture content, was used in determining the effect 
of dilution on samples of soil of several types. The results are shown in table 6. 

TABLE 5 


Effect of dilution on pH of ODen-dried soils as determined with a tUration-type glass electrode^ 


1 

SOlLt 

SOIL-WATER RATIO 

pH OF 
DISTILLED 
WATER 

1-2 1 

1-3 

1-4 

1-5 

1-8 

1-10 

1 

6.96 I 

6.87 ! 

6.78 

6.70 

6.53 

6.44 

5.30 

2 

6.22 

6.40 

6.42 

6.42 

6.51 


5.31 

3 

7.88 1 

8.03 

8.19 

8.23 

8.32 


5.31 

4 

10.03 

10.16 

10.24 

10.27 

10.31 

i 


5.30 


*** pH readings made on at least six samples at each dilution for each soil. 

1 1, Tujunga (40-60); 2, Aiken (20-40); 3, Ramona (80-100); 4, Traver (80-100): (40-60) 
indicates soil passed a 40-mesh and was caught on 60-mesh screen. 


With the exception of Oakley sand (soil S) at high dilutions, where there is a 
reduction in the pH values, there was an increase in pH with dilutions. 

Soluble salts, as well as colloids, affect hydrolysis in calcareous soils, accord- 
ing to Buehrer and Williams (4). In their opinion, the calcium carbonate- 
bicarbonate buffer system determines the pH of calcareous soils. 

McGeorge (19), in pointing out the effect of dilution in increasing the pH 
of soils, has shown that above the 1-10 soil-water ratio there is but little change 
with dilution, this ratio thus representing the maximum potential pH of the 
soil. The results reported by McGeorge are applicable to the data (with the 
exception of soil 5) listed in table 6 and plotted in part in figure 1. 

Several of the soils taken from areas in which citrus is grown, though slightly 
basic at high dilutions, were acid at field moisture content. The maximum 
pH values of these soils are seldom reached under field conditions, and for 
learning the approximate pH values at which trees grow in the field it is best 
to deal with soil-water ratios approximating those found in the field. As a 
result of studies with solution and soil cultures with citrus, walnut, and avocado 
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trees under controlled conditions, Haas (8) has concluded that healthy growth 
in these trees is made in acid rather than basic solutions and that the degree 
of acidity favorable for the growth of these trees is far greater than is usually 
assumed. As a result of the practice of determining pH values of soils by the 
1-5 soil-water ratio method, it is commonly believed that most soils on which 
citrus trees are planted in southern California are rather basic (pH 8.0-8.5 or 
higher). Figure 1 gives some indication that the soils in which healthy citrus 

TABLE 6 

Effect of dilution on pH of soils as determined with a penetration’-type glass electrode 
(Range in pH of distilled water 5,09-5.24; moisture percentage expressed on oven-dry basis) 


MOISTIHRE 


PERCENTAGE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

5 




6.44 

7. 25 

6.48 



7.58 

8 



7.03 




5.67 



10 




6.65 


6.49 



7.99 

IS 



7.61 

6.74 


6.91 

6.12 

6.98 

8.09 

20 

5.56 

8.14 



8.05 


6.46 

7.29 

8.33 

25 







6.56 



30 

5.52 

8.31 

7.77 

6.93 


7.03 


, 7.34 

8.65 

35 







6.88 



40 








7.39 

8.88 

45 







7.00 



50 

5.85 

' 8.35 

7.92 

6.99 

7.81 

7.08 


7.53 

8.97 

55 







7.10 


60 

I 







7.49 


65 







7.15 



70 

80 








7.57 


85 








7.62 


100 

5.85 

8.50 

8.06 

7.14 

7.80 

7.20 

7.34 

7.80 

9.22 

250 

6.00 

8.56 

8.32 

7.19 


7.29 

7.88 

8.34 

9.37 

500 

6.11 

8.61 

8.47 

7.24 

7.39 

7.30 

7.97 

8.42 

9 .49 

1000 







7.83 

8.62 

9.65 


1, Aiken clay loam; 2, a saline soil; 3, Yolo sandy loam; 4, Hanford sandy loam; 5, 
Oakley sand; 6, Ramona sandy loam; 7, Yolo silty clay loam; 8, Altamont clay loam; 9, an 
alkaline soil from Santa Ana River flood plain. Samples of soil 1 had been oven dried; 
all other samples air dried. ^ 

trees are growing in southern California may be acid rather than basic in 
reaction. 

Determinations of pH values, made on suspensions of soil at high dilutions, 
allow a degree of hydrolysis rarely, if ever, encountered under field conditions. 
McGeorge (18), in pointing out that far less acid is required to reduce the pH 
of a basic soil to 7 at field-moisture content than at 1-10 dilution, has suggested 
Aat the reduction of pH in basic soils is a much simpler operation than was 
indicated previously. 
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The influence of salts and soil-water ratio was investigated by Puri and 
Asghar (22),, who found that in the absence of salts the pH, value of soils is 
not affected by the soil- water ratio. The pH value of soil is considered to be 
the result of ionization at the surface of the colloidal particles and hydrolysis 
of the exchangeable base. These authors recommend that the determination 
of soil reaction be carried on with N KCl solution, whereas McGeorge (16) 
recommends in one procedure with 1-10 soil-water suspensions the addition 
of 10 cc. each of 2 M NaCl and 2 M CaCl 2 . 

pH of water-displaced solutions of certain soils 

In the course of experiments with samples from different soil types, it was 
desirable to know the composition of the (1-5 soil-water ratio) extracts. Table 
7 gives the results of duplicate determinations and shows the wide range of 


total solids and the concentrations of the various ions. Although the pH 
values of many samples of soil in southern California, when determined at the 
1-S soil-water ratio, have been found to give basic reactions to varying degrees, 
it is of interest to report a pH of 3.25 for a sample of soil at this same soil- 
water ratio. 

Several of the soils reported in table 7 were used in determining the pH of 
the displaced solutions (table 8). A definite amount of distilled water was 
thoroughly mixed with weighed samples of air-dry soil. The mixture was then 
firmly compacted with a flat rubber-stoppered plunger into a glass percolator 
or soil filter tube from which the clay filter was omitted. A definite volume 
of distilled water was then added to the top of the soil. The glass percolators 
operated by gravity, while the filter tubes were used with air pressures in 
order to obtain the displaced solution (5). 


MOISTURE PERCENTAGE 

Fig. 1. Relation or pH to Soil Moistxjee 
1. Alkaline soil from Santa Ana River flood plain*, 2. Yolo silty clay loam; 3. Aiken clay loam 
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Table 8 gives the pH values of successive aliquots of displaced solution. 
The variations in pH of these aliquots obtained from a given soil sample 
were relatively small and generally were of no consequence, even though in 
some samples a slight trend was sometimes discernible. Table 8 makes it 
possible to compare the pH values of a given soil sample at approximately the 
moisture equivalent and at the 1-5 soil-water ratio, with those of successive 
aliquots of displaced solution. 

The pH values of the soil samples were generally lower at the moisture 
equivalent than at the l-S soil-water ratio. The pH of the displaced solution 
of Yolo sandy loam approximated the pH found at the moisture equivalent, 
whereas the pH values of the displaced solutions of Ramona sandy loam and 
Hanford sandy loam were closer to those at the 1-5 soil- water ratio. The pH 
of the solution displaced by air pressure from Traver loam was higher at the 

TABLE 7 


Composition of (1-5 soil-water ratio) extracts of certain air-dried soils 
(Data reported as p.p.m. in air-dry soil) 


SOIL 

MOIS- 

TURE, 

(dry- 

SOIL 

BASIS) 

TOTAL 

SOLIDS 

103“- 

105“C. 

TOTAL 

SOLIDS 

AFTER 

IGNI- 

TION 

Ca 

Mg 

Na 

K 

Cl 

S04 

Ramona sandy loam . . 

per cent 

0.8 

368 

113 

29.8 

13.2 

268 

90.0 

73 

15.5 

Yolo silty clay loam, . . 

3.5 

330 

ISO 

22.8 

6.3 

274 

63.0 

28 

Trace 

Hanford sandy loam. . 

0.6 

148 

40 

28.3 

5.7 

248 

50.0 

28 

Trace 

Altamont clay loam . . 

6.6 

585 

358 

109.5 

8.5 

227 

43 .3 

26 

Trace 

Yolo sandy loam 

1.1 

1,308 

538 

161.0 

28.5 

276 

65.5 

37 

38.0 

AlkaHne soil from 
Santa Ana River 
flood plain 

0.8 

11,958 

11,108 

71.8 

69.4 

3,857 

652.0 

2,770 

3,627.0 

Traver loam 

1.2 

37,520 

36,390 

1,889.0 

73.2 

8,097 

2,229.0 

718 

18,910.0 

Woodrow clay 


58,518 

58,020 

721.0 

70.5 

19,979 

1,391.0 

24,881 

9,802.0 


higher soil moisture content. Other initial soil moisture contents, in the 
samples used, may greatly alter the pH values obtained. By the oil-pressure 
method of obtaining the film water from soils of approximately optimum 
moisture contents, Plummer (21) found the pH values of displaced solutions 
to be lower in acid soils and higher in alkaline soils than the pH values of dilute 
soil suspensions. Pierre (20) obtained the same ptl for the soil suspension, 
soil extract, and soil solution. McGeorge (18) has reported that the slower 
the irrigation water penetrates the soil the higher the pH becomes. The time 
required for displacement to take place may be an important factor in deter- 
mining the pH of the displaced solution. 

fluctuations IN pH UNDER DIFFERENT IRRIGATION PRACTICES 

The pH changes of soil in three plots of the experimental orchard receiving 
different irrigation treatments are shown in figure 2. Plot A, irrigated on a 


Partial analysis and pH values of water-displaced solutions of certain soils 
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2-week schedule, received 12 irrigations during 1938; plot B, irrigated whenever 
the top foot of soil below the mulch reached the wilting percentage, received 
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Fig. 2. Seasonal Changes in pH During 1938-39 in a Navel Orange Orchard on 
Bamona Sandy Loak under Different Irrigation Tee.atments 
During 1938, plot A received 12 irrigations; plot B, 6 irrigations; plot C, 3 irrigations 

6 irrigations; and plot C, irrigated when the moisture content in the first 4 
feet of soil reached the wilting percentage, received 3 irrigations. The total 
amounts of water, in depth, applied to the plots during the 1938 irrigation 
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season were: A, 33 inches; B, 27 inches; and C, 31 inches. All plots were 
irrigated by nine furrows placed between the tree rows, which were 24 feet 
apart. The soil sampling practice consisted in taking five holes uniformly 
spaced along a 45° diagonal on each side of a tree row; one diagonal started 
at the tree trunk, and the other started at the midpoint between trees in the 
tree row. At each successive sampling the positions of these diagonals were 
moved 1 foot down the tree row. Samples were taken prior to and following 
each irrigation. 

The general trends of the curves in figure 2 are approximately the same 
throughout the season regardless of the irrigation practice. The higher pH 
> values were reached during midsummer, but under the conditions of this ex- 

periment there was no net yearly change in pH. The fluctuations were most 
numerous and the amplitude greatest in the plot that was most frequently 
irrigated. 

A fluctuation of approximately 0.7 in the pH of surface soil between May 
and November was reported by Lipman, Prince, and Blair (15). From data 
obtained by means of monthly soil tests in Pennsylvania, Kelley (13) concluded 
that there is no fixed pPI value for any particular portion of soil and that the 
variation from the mean is not large. During the growing season the changes 
amounted at times to as much as one whole pH unit, in the subsoil as well as 
at the surface. Baver also has noted (3) that the hydrogen-ion concentration 
of a soil varies throughout the year. Alkaline soils showed variations in acidity 
ranging from 0.6-0. 7 of a pH from May to September, whereas acid soils varied 
as much as 0.9 of a pH during this period. In acid soils in Ohio, Baver reports 
a continual increase in acidity from May to September with the pH returning 
to approximately the same value each spring. Rainfall and the season, the 
dehydration of silicates, or the soluble salt accumulations during the summer 
months are suggested as important factors affecting these variations in soil pH. 
Slightly alkaline plots showed no consistent pH changes. 

CHANGES IN pH WITH DEPTH 

^ For measurements of changes in pH with depth, samples were taken near a 

navel orange tree in a basin which was irrigated every 4 weeks. Samples 
from six holes were taken with a soil tube in increments of 0.2 foot to a total 
depth of 2 feet. Within this depth the soil was very uniform. The samples 
for each depth were obtained by compositing the cores from three holes. The 
pH values for these composited samples at the various depths are shown in 
figure 3. Beyond 0.4 foot there was a progressive increase in pH with depth, 
even though the increments in depth were small. These findings are in agree- 
ment with those shown in figure 2, where in all cases there is an increase in 
pH with depth. 

pFI OF SOIL IN SITXJ IN OKANGE ORCHARDS 

' By .means of shielded extension electrodes it. was possible to determine pH 
Y values of soils directly in the field. The experiments were first carried on in 
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certain basin-irrigated plots of the experimental orchard on one of which SO 
pounds of ammonium sulfate and on the other 66 pounds of calcium nitrate 
had been used in 1938 as sources of nitrogen for the orange trees. 

Trenches were dug to a depth of 2 feet the day following irrigation j and a 
large beach umbrella was placed over the trench and instruments, including 
all equipment necessary for determining the pH. Fresh cuts were made in 
the side of the trench at measured distances from the surface of the soil. A 
temperature reading of the soil at the desired depth was taken just prior to the 
making of a pH determination. The electrodes were rinsed with distilled 
water and wiped with fine tissue paper just before use. Soil samples were 
taken at the position where the pH was determined, in order to ascertain the 
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Fig. 3. Changes in pH with Depth in a Basin-Irrigated Navel Orange Orchard on 

Ramona Sandy Loam 

moisture percentage in the soil at the various depths. Soil samples were also 
taken from these basin-irrigated plots with a soil tube, and composites were 
made of several cores. The pH values were determined for these samples 
after oven drying and dilution to the 1-5 soil-water ratio. 

A comparison of the pH values taken in situ dX the moisture percentages 
of the soil as it occurred in the orchard with the values at the soil-water 
ratio (table 9) reveals that to a depth of approximately 2 feet the soil in these 
basins is acid at the field moisture percentage, and that the pH values at the 
1-5 soil-water ratio are higher (with one exception) than those at the soil 
moisture percentage. When individual values or averages for the pH determina- 
tions made in situ are considered, those for the calcium nitrate-fertilized plot 
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are slightly higher than those for the ammonium sulfate-fertiiized plot. When 
similar comparisons are made for the values at the 1-5 soil- water ratio, it is 
seen that the values for the calcium nitrate-fertilized plot are considerably 
higher than those for the ammonium sulfate-fertilized plot. The moisture 
percentages are high for this type of soil, since the samples were taken the 
day following a heavy application of water. Thus the pH values determined 
in situ are probably close to the highest values for field conditions. 

It is seen in table 9 that the differences between the pH values determined 
at the moisture percentage of the soil and those determined at the 1-5 soil- 

TABLE 9 


pB. Values of soil in situ in a hasm-irrigated orange orchard on Ramona sandy loam and of the 
same soil {oven-dried at 105°C.) at 1-5 soil-water ratio 



SOURCES OP NITROGENf 


Ammonium, sulfate 


Calcium nitrate 


DEPTH* 







Moisture per- 
centage,, dry 
soil weight 
basis 

pH 

Moisture per- 
centage, dry 
soil weight 
basis 

pH 


In situ 

1-5 ratio 

In situ 

l-S ratio 

feei 

" 

■ 





0.1 

11.9 

5.07 

5.03 

12.6 

4.98 

5.31 

0.3 

12.0 

4.30 

4.87 

12.3 

4.40 

4.95 

0.5 

11.3 

4.52 

4.85 

11.6 

4.63 

5.45 

0.7 

11.8 

4.84 

4,93 

11.0 

5.20 

6.64 

0.9 

11.7 

4.97 

5.35 

10.9 

5.10 

7.00 

1.1 


5.12 

6.74 

11.3 

5.42 

7.07 

1.3 ! 

11.7 

5.47 

6.75 

11.5 

5.50 

7.05 

1.5 

12.2 

5.54 

7.00 

11.0 

5.72 

7.22 

1.7 i 

12.5 

6.08 i 

7.10 

12.1 

5.78 

7.35 

1.9 

11.3 

6.07 ' 

7,15 1 

12.2 

6.20 

7.54 

Av 


4.89 

5.27 


5.00 

5.70 






* Determinations of pH m situ were made at depths indicated in this column, whereas 
those on the 1-5 basis were made on soil for which the indicated depths are mean values of 
0.2-foot layers. The pH of soil determined in situ in immediate contact with small roots 
ranged from 4.36 to 4.57. 

t 50 pounds of ammonium sulfate or 66 pounds of calcium nitrate per tree during 1938. 

water ratio may be considerable, especially in the calcium nitrate-fertilized 
basins. These results differ from those obtained by McGeorge (18) who 
compared the pH values of a group of 65 soils at the moisture equivalent and 
at the 1-10 soil- water ratio and found that below pH 7.0 the gap between the 
two curves was almost negligible until the curves reached pH 3.0. In consider- 
ing differences in pH it should be remembered, as previously stated, that a 
difference of one unit in the range above pH 7 represents a different amount 
of hydrogen-ion from one unit in the range below pH 7> 

The same method of determining the pH values of soil at different depths 
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as was used in basin-irrigated plots, was also used to obtain the pH values of 
soil at various depths in furrow-irrigated plots in the same orchard. A trench 
was cut across a furrow bottom and ridge, the same precautions being taken as 
those previously mentioned. The results, given in table 10, show the acid 
condition at the moisture percentage in the soil, the pH values ranging from 
4.65 to 5.55. The average pH values (1-5 soil-water ratio) of 10 oven-dried 
soil samples drawn at about the same time from this same plot were 6.71 for 
the first foot and 7.29 for the second foot depth. Hoagland and Sharp (9) 

TABLE 10 


pE Values of soil in situ in a furrow-irrigated orange orchard on Ramona sandy loam 


DEPTH* 

pHt 

Furrow ridge 

Furrow bottom 

feet 



0.1 

4.65 


0.3 

5.00 


0.5 

5.40 

5.42 

0.7 

5.55 

5.20 

0,9 

5.40 

5.30 

1.1 

5.25 

5.22 

1.3 

5.25 

5.10 

1.5 

5.30 

5.38 

1.7 

5.15 

5.40 

1.9 

5.30 

5.10 

2.1 


4.95 

2.3 


5.25 


* Measurements made from top of furrow ridge. 

t At the 1-5 soil-water ratio, the average pH values were 6.71 for the first foot and 7.29 
for the second foot depth (10 samples in each case). 


TABLE 11 


pH Values of unscreened calcareous soils from citrus orchards at low and high moisture contents 


OKCHAED 

MOISTURE PER- 
CENTAGE, (dry 

FINAL pH AFTER SUCCESSIVE MIXING OP SAME SOIL SAMPLE 

pH (1-S 

SOIL-WATER 

ratio) 

i 

basis) 

i 

2 

3 

4 

5 

' ' i 

6 

T 

6.3 

! 6.45 

6.43 

6.45 i 

6.43 



8.60 

2 

5.3 

5.47 

' 5.48 

' 4.83 ] 

5.21 

5.22 

5.22 

8.42 


have shown that the pH of 1-5 soil-water suspensions of acid soils is not mark- 

edly affected by increasing the content of CO 2 up to 10 per cent and that the 
pH values of slightly alkaline soils are only slightly increased by such treat- 
ments (the mean CO 2 content of arable soils being taken as 0.25 per cent). 

SOIL MOISTURE EFFECTS ON pH OF CALCAREOUS SOILS 

Table 11 gives the results obtained with highly calcareous soils taken in 
citrus areas where chlorosis frequently is marked. One soil with a moisture 
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percentage of 6J gave a pH value nf 6.435 whereas at the 1-5 soil-water ratio 
a pH of 8.60 was obtained. A second soil at a moisture percentage of 5,3 
yielded a pH value of 5.22, whereas at the 1-5 soil-water ratio the pH was 8.42. 
Table 11 shows the final pH readings on the same samples of soil after they 
were repeatedly stirred between successive series of readings in obtaining the 
final equilibrium values. The marked changes in pH at the low and high 
dilutions, give some idea of the large changes that may occur in the pH of 
calcareous soils in which citrus trees are grown. Successive determinations 
were made at these low moisture contents in order to determine the degree of 
reproducibility of the results without undue precautions being taken. Fairly 
uniform results may be had by thorough mixing and by macerating the soil 
free of lumps with a stout stirring rod, care being taken that temperature 
effects are compensated for. 

In 1935 McGeorge (16) suggested that the determination of the pH value 
of basic soils be made four times on each soil: 1 and 2, 1 to 10 soil- water sus- 
pension within 2 hours and after standing 24 hours; 3, 1 to 1 soil- water suspen- 
sion; and 4, 1 to 10 soil-water suspension plus 10 cc. each of 2 M NaCl and 
2 M CaCh, In 1938 as a result of further investigation (18) the moisture 
equivalent of soils was given added importance in the determination of the 
pH values. These and our results are in decided contrast with the findings 
of Sharp and Hoagland (24), who concluded that the pH values of soil suspen- 
sions approximate those of the soil solutions. 

The recent impetus given to the study of pH in soils and the effects of dilu- 
tion and hydrolysis on the pH values obtained, may cause one to overlook 
giving proper credit to Salter and Morgan (23), whose conclusions are men- 
tioned by McGeorge (16). Although it was recognized that no direct measure- 
ment of pH could be obtained by the sucrose hydrolysis method, nevertheless 
with soils at moisture contents varying from high dilutions to those approaching 
the soil moisture contents found under field conditions, Salter and Morgan 
were able to use the velocity of sucrose hydrolysis as an index of relative re- 
action, Their results for a wide range of dilution show that as the dilution 
increased, the pH increased. Notwithstanding the fact that the pH values 
calculated for the low moisture contents were much lower than those at the 
1-5 soil-water ratio, they recommended the 1-5 ratio because of its greater 
suitability of both colorimetric and electrometric procedures. They suggested 
that, for a more accurate idea of the reaction at low moisture percentages, 
the graph connecting the pH determined at the three soil-water ratios, prefer- 
ably 1 to 5, 1 to 25, and 1 to 125, be extrapolated. Reference to figure 1, in 
the present investigatiGB, indicates that such a procedure would most likely 
lead to gross error. Recently Itano and Tuzi (10) tested the applicability of 
the quinhydrone electrode under natural field conditions in soils of varying 
moisture content. The pH measurements could be carried on with soils 
containing as low as 5 per cent moisture. The pH values under natural con- 
ditions were 0.5-0.9 unit lower than the values obtained in the laboratoiy by 
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the usual procedures. Aoki (1) found no regular relation between pH and 
the moisture content of soil by the method used by the aforementioned in- 
vestigators (10). 

Rainfall as a factor in the pH of orchard soil 

As previously mentioned, rainfall has been suggested (3) as a possible factor 
in seasonal changes in the pH of soils. In order to determine the effectiveness 
of a given amount and the time distribution of rainfall, a large canvas was used 
to cover a plot of soil in the furrow-irrigated orchard. The canvas covered an 
area of soil in the tree row equal to that covered between the tree rows. It 
extended from a tree to half the distance to the next tree in the tree row, and 
to 12 feet on each side of a tree row. When it was not raining, the canvas was 
removed, but during a rain it was put in position on stakes in order to raise it 
off the ground for purposes of ventilation. The experiment was begun Decem- 
ber 3, 1938, prior to the seasonal rainfall, and ended April 19, 1939. The 
rainfall distribution was as follows: December 15-21, 4.44 inches; January 
3-February 1, 2.37 inches; February 1-20, 1.67 inches; March 9-28, 1.20 
inches; and April 2-14, 0.29 inch. The precipitation during the experimental 
period was approximately equal to that of a normal year. 

The pH of rain was also determined at various times during the experimental 
period, as follows: December 14-15, 0.18 inch rain, pH 6.93; December 16, 
0.48 inch, pH 6.92; December 18, 0.70 inch, pH 6.59; December 19, 1.42 
inches, pH 6.73; March 9, 0.38 inch, pH 6.73. The pH of distilled water 
was 5.13. 

Table 12 gives the results obtained in the rain-proofed and the unprotected 
area. Comparisons of the average pH values for the 4-foot depths for any 
given samplying data indicate that the rains had no effect on the pH of the 
soil as determined at the 1-5 soil-water ratio, either in the plot in the tree 
row or in that between the tree rows. For the samples collected on April 11, 
1939, the pH values were determined not only at the 1-5 soH-water ratio but 
also at the moisture content of the soil at the time of sampling. In the samples 
taken in Hie tree rows the average pH values for April 1 1 by the two methods 
of preparing the samples differed by approximately 1 pH unit, whereas in those 
taken in the plots between the tree rows, the values by the two methods of 
preparing the samples differed by about IJ pH units. 

EFFECT or LEACHING BY lEEIGATION ON pH OF SOIL 

The basin-irrigated plots of the orange orchard previously mentioned were 
utilized to determine the effect of leaching on the pH of soil. One group of 
plots received 4 inches of irrigation every 2 weeks, and the other lots were 
irrigated on a monthly schedule. There was also a difference with respect 
to the fertilization practice during 1938, as follows: A, no fertilizer; B 50 
pounds of ammonium sulfate per tree per annum; C, 66 pounds of calcium 
nitrate per tree per annum. Soil samples were taken to a depth of 12 feet, 
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and pH determinations were made at the 1^5 soil-water ratio. Soils in plots 
receiving the heavier applications of water (8 inches every month) showed a 
lower pH than those receiving 4 inches every 4 weeks (table 13). 

RELATION OR EERTILIZATION PRACTICE TO SOIL pH 

The question of whether the pH of soil in the same group of plots as those 
referred to in table 13 was affected by the use of certain fertilization practices 
was considered. Table 14 shows the pH values obtained at the sample mois- 
ture content and at the l-S soil-water ratio of soil samples drawn April 11 j 
1939. In both cases the pH values of samples from the ammonium sulfate- 
fertilized basins were lower in the first and second, and higher in the third 

TABLE 13 


pE Values of soil samples {1-5 soil-water ratio) taken to a depth of 12 feet in a basin-irrigated 
orange orchard on Ramona sandy loam under various irrigation and 
fertilizer treatments 


TREATMENT* 

1 FT. 

2 FT. 

3 ET. 

4 ET. 

5 FT. 

6 FT. 

7 FT. 

8 FT. 

9 FT. 

10 FT. 

11 FT. 

12 ST. 

A 

7.47 

7.65 

7.77 

7.57 

7.50 

7.48 

7.51 

7.18 

7.04 

7.22 

7.52 

7.90 

A 

7.27 

7.55 

7.80 

7.80 

7.52 

7.67 

8.55 

8.22 

7.00 

7.94 

7.92 

8.07 

B 

5.30 

7.30 

7.68 

8.24 

8.17 

8.40 

8.58 

8.57 

7.00 

7.28 

6.98 

6.96 

C 

6.98 

7.72 

7.88 

7.91 

8.41 

8.69 

8.72 

8.93 

8.85 

8.75 

8.32 

9.15 

C 1 

7.32 

7.90 

7.94, 

7.66 

8.52 

8.61 

8.70 

8.67 

8.72 

9.40 

9.52 

9.32 

D 

6.94 

6.80 

7.64 

7.65 

8.42 

8.67 

8.73 

8.84 

8.95 

9.24 

9.27 

9.41 

D 

7.27 

7.81 

7.92 

8.31 

8.49 

8.33 

8.84 

9.25 

9.43 

9.30 

9.25 

9.47 

E 

7.27 

8.10 

8.00 

8.01 

' 8.50 

8.70 

8.68 

8.85 

8.84 

8.90 

8.24 

8.27 

A, A, B, (Av.) . . . 

5.78 

7.47 

7.74 

7.79 

7.64 

7.71 

7.91 

7.61 

7.01 

7.39 

7.31 

7,37 

D,E,(Av.) 

7.13 

7.20 

7.83 

7.91 

8.47 

8.54 

8.74 

8.94 

9.01 

9.11 

8.64 

8.69 


* Fertilizer treatment of tree squares: A, no fertilizer since March, 1937; B, 50 pounds 
ammonium sulfate during 1938; C, 66 pounds calcium nitrate during 1938; D and E, 5 pounds 
of ammonium sulfate per annum. 

Seasonal irrigation practice: Plots A, B, and C receive an average depth of water of 4 
inches every 2 weeks; plots D and E receive 4 inches once a month. 

and fourth foot samples than in samples from corresponding depths in the 
calcium nitrate-fertilized basins. The pH values, at the soil moisture content 
in the field, were highest in the samples from the unfertilized basins. At the 
1-5 soil-water ratio, the pH value of the first foot of plot A was markedly 
higher than those of plots B and C. 

Determinations of pH were made also at the 1-5 soil-water ratio of samples 
taken May 12, 1939 and December 3, 1938, at increments of 0.2 feet to a 
depth of 2 feet. The average pH values for the first foot depth were 7.05, 
6.51, 4.94, and 5.71, and for the second foot depth, 7.40, 7.47, 6.85, and 7.42 
for plots A, B (December 3), B, and C, respectively. Ammonium sulfate 
markedly affected the average pH values of the first and second foot samples. 
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The average pH values of the May 12, 1939 ,' samples taken after the spring 
application of ammonium sulfate are lower than those of the December 3^ 
1938j samples. The average pH values of the samples taken May 12, 1939,' 
from the calcium nitrate-treated plot are higher than those of the samples 
taken on the same date from the ammonium sulfate-treated plot. 

TABLE 14 

pH Values of soil in a basin-nrrigated orange orchard on Ramona sandy loam fertilized with 

mrmis sources of nitrogen* 


DEPTH 

pH (l-S SOIL-WATEB. HATIO) 

H 

MOISTUEE PEE- 

pH (apeil 11, 1939)t 

MAY 12, 1939 

SOIL WEIGHT 
BASIS) 

At sample 
moisture 

l-S soil-water 
ratio 


A Bt B C 

g 

A 

B 

C 

A 

B 

C 

A 

B 

C 

feet 


feet 










0 -0.2 

7.30 6.25 5.20 6.07 











0,2-0 .4 

7.00 6.25 4.83 5.15 

1 

5.9 

8.1 

6.8 

6.49 

4,02 

5.55 

7.06 

5.00 

6.64 

0.4-0. 6 

6.93 6.55 4.78 5.78 











0.6-0. 8 

7.00 7.00 4.77 6.67 

2 

8.2 

9.6 

9.2 

7.03 

6.15 

6.75 

7.48 

7.02 

7.46 

0.8-1 .0 

7.12 7.26 5.37 7.20 











0 -1.0(Av.).. . 

7.05 6.51 4.94 5.71 











1 .0-1 .2 

7.35 7.37 6.48 7.36 

3 

9.6 

11.1 

9.7 

7.14 

6.90 

6.57 

7.68 

7.67 

7.37 

1 .2-1 .4 

7.63 7.43 6.81 7.34 










m 

1.4-1 .6 

7 .20 7 .45 7 .00 7 .40 

4 

8.9 

12.5 

11.4 

7.14 

6.91 

6.52 

7.75 

8.28 

7.41 

1.6-1 .8 

7.35 7.52 7.15 7.47 











1, 8-2.0 

7.60 7.64 7.23 7.63 











I.0-2.0(Av.)... 

7.40 7.47 6.85 7.42 











0 -2.0(Av.)... 

7.19| 6.76 5.22 6.00 












‘" Fertilizer treatment of tree squares: A, no fertilizer since March, 1937; B, 50 pounds 
ammonium sulfate during 1938; C, 66 pounds calcium nitrate during 1938. The amounts of 
fertilizer applied to B and C are much higher than are used commercially, 
t Average of four separate samples, 
f Samples taken December 3, 1938. 


SUMMARY 

An orange orchard on Ramona sandy loam, in which various irrigation 
practices were followed, served as a source of soil samples for the determination 
of pH. Oven-dried samples taken for soil moisture determinations thus were 
available for pH studies. In addition, many soil samples were drawn specif- 
ically for pH determinations, and finally pH values were obtained directly in 
the orchard with soils in situ. The titration and spear-t 3 T>e glass electrodes 
and in some cases the extension-type shielded glass electrode were employed, 
both the Coleman and Beckman instruments being available. 
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The pH values of air-dried samples (1-5 soil-water ratio) from the orchard 
were. consistently higher than those of oven-dried samples. 

Prolonged heating of Aiken clay loam and of Ramona sandy loam lowered 
the pH at both the 1-5 and 1-10 soil-water ratios, but did not change the pH 
of Tujunga sand and of Traver clay. 

Storage of oven-dried samples of the orchard soil in paper bags was ac- 
companied by an increase in pH (1-5 soil-water ratio); oven drying of these 
samples gave pH values very similar to those of the original oven-dried samples. 
The pH of air-dried samples varied. Air-dried samples which showed an 
increase in pH upon storage were returned to approximately their original pH 
upon being oven dried. 

The size of samples of the Aiken, Ramona, Tujunga, and Traver soils, tested 
at the 1-5 soil-water ratio, had no apparent effect on pH. 

For any given dilution or size of sample tested, the Ramona, and Traver 
soils showed an increase in pH as the dilution of the sample increased. 

The pFI of the solution displaced by gravity from Yolo sandy loam was 
approximately that found at the moisture equivalent, whereas the pH values 
of the displaced solutions of Ramona sandy loam and Hanford sandy loam 
were closer to those determined in soil suspensions at the 1-5 soil-water ratio. 
The pH of the solution displaced by air pressure from Traver loam was higher 
at the higher soil moisture content. 

Fluctuations in pH values of soil in the orchard under different irrigation 
practices were followed from the spring of 1938 to that of 1939. The seasonal 
trends of the curves for pH (1-5 soil-water ratio) are approximately the same 
regardless of whether the plots were irrigated every 2 weeks during the season 
(12 irrigations), whenever the first foot of soil below the mulch reached the 
wilting percentage (6 irrigations), or when the wilting percentage was reached 
in the first 4 feet of soil (3 irrigations) . The highest pH values were reached 
during midsummer. Under the conditions, there was no net yearly change 
in pH. Fluctuations were more numerous and the amplitude greatest in the 
most frequently irrigated plot. The curves for the changes of pH with depth 
throughout the season are approximately parallel for any one of the practices 
studied. 

The pH values (1-5 soil-water ratio) of a uniform soil sample from the 
orchard showed a progressive increase from 0.4 foot to a depth of 2 feet with 
increments in depth of 0.2 foot only. 

The pH of soil was determined in situ in basin- and in furrow-irrigated plots 
that received ammonium sulfate or calcium nitrate as a source of nitrogen. 
At the field moisture capacity the soil samples from the basin-irrigated plots 
were acid to a depth of about 2 feet and had lower pH values than the samples 
determined at the 1-5 soil- water ratio. When determined in siki, the pH 
values of the basin-irrigated soil in the calcium nitrate-fertilized plot were 
slightly higher than those of soil in the ammonium sulfate-fertilized plot. 
The pH determinations at the 1-5 soil-water ratio were higher for the calcium- 
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nitrate tlian for the ammonium sulfate-fertilized plot. Since the determina- 
tions were made the day following irrigation, the values obtained for the soil 
in situ'weie probably close to the highest for field conditions. The difference 
between the pH values at the field moisture percentage and at the 1-5 soil-water 
ratio is considerable in many instances, especially when calcium nitrate is 
used as the source of nitrogen. In the furrow-irrigated plot, at the field- 
moisture percentage, the pH values ranged from 4.65 to 5.55 in the first 2 feet 
of depth. At the 1-5 soil-water ratio the average pH values were 6.71 for the 
first foot and 7.29 for the second foot depth. 

The soil moisture percentage is of considerable significance in the pH of 
calcareous citrus soils. One soil with a moisture percentage of 6.3 gave a pH 
value of 6.43, whereas at the 1-5 soil-water ratio a pH of 8.60 was obtained. 
A second soil with a moisture percentage of 5.3 gave a pH value of 5.22, whereas 
at the 1-5 soil-water ratio the pH was 8.42. 

Rainfall, in an amount equal to that of a normal year at Riverside, had no 
effect on the pH of the soil (as determined at the 1-5 soil-water ratio) either in 
tree rows or between tree rows. The pH values of the samples at the field 
moisture percentages were lower, in general, between the tree rows (5.88 for 
rain-protected and 5.77 for unprotected plots) than in the plots in the tree rows 
(6.22 for rain-protected and 6.40 for unprotected plots). The soils at the 
field-moisture percentages were acid in reaction. 

The effect of leaching on the pH of soil in the orchard to a depth of 12 feet 
was investigated. An average depth of 4 inches of water was applied to certain 
basin plots every 2 weeks and to other basin plots once a month. The pH 
values obtained in the plots under the 2-week schedule, where a considerable 
amount of water moved through the soil, were lower than those irrigated on a 
monthly schedule. 
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It is the purpose of this paper to adduce data which are of help in defining 
more clearly the physical and chemical factors that influence the consistency 
and water-retaining properties of soils. 

The desirability of such an undertaking is evident from the fact that, 
though testing methods for the determination of those properties are widely 
used and have been thoroughly standardized, little is known about the physi- 
cal and chemical factors which govern the properties measured by these 
methods. Obviously, an understanding of these factors must be the basis for 
the logical interpretation and the best possible usage of the test data. The 
little progress which has been made in this direction is due, in part, to the 
complexity of the problem itself; in part, to the fact that the profession which 
has the greatest practical interest in consistency properties at the present 
time (highway engineering) does not, in general, possess the scientific tools 
for the solution of this problem. 

The complexity of the problem is a result of the multiphase character of any 
soil-water system and the predominance of secondary influences which are 
typical for the system, as such, but not for its various components. In a 
preceding paper (12) on the same general topic, it was shown that the con- 
sistency properties of soil samples taken from different depths of the same 
profile depended not only on the relative amounts of clay and colloids present, 
but also on the content of silt and organic matter. Other, more essentially 
chemical, influences, such as that of the C/N ratio of the organic matter were 
indicated although not demonstrated in detail. 

SOIL MATERIALS USED 

The soil materials used were the samples of topsoil and subsoil of loess 
pampaneo previously described (12). Three variations of these materials 

^ Research associate ill the department of soils. 
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were tested; namely, the natural soils in the condition as received; homoionic 
variations of the soils, prepared by percolating salt solutions through soil 
samples and washing out excess salt as well as possible; homoionic clays, 
prepared by extraction of the clay (ultracentrifuge), electrodialysis, and neu- 
tralization, with respective hydroxides. 

PROPERTIES DETERMINED AND METHODS USED 

The properties determined on the soils and their homoionic variations were 
(a) the standard tests recommended for subgrade soils by the U. S. Public 
Roads Administration (4)— liquid limit, plastic limit, field moisture equiva- 
lent, etc.; (b) heat of wetting by means of a water calorimeter as described in 
part I (12); (c) sorption of water and other liquids by means of the Winter- 
kom-Baver apparatus (11); (d) slaking resistance, according to the Russian 
method. Soil specimens, formed in the mold generally used for preparation 

TABLE 1 


Restdts of routine subgrade soil tests 
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53.0 
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* Results on material passing ^40 sieve, 
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of tensile strength samples of cement mortar, are coated with paraffin on 
both ends, leaving an uncoated center strip J-inch wide around the neck. 
These specimens are suspended in water, and the time of separation of the 
lower from the upper part of the specimen is noted as slaking time (10); 
(e) the Waksman method of analysis of the organic matter (8). 

The properties determined on the extracted clays were silica-sesquioxide 
ratio, base-exchange capacity, and sorption of water and other liquids. 

DISCUSSION OE DATA OBTAINED 
Change of the soil constants as a function of the exchange ions 

Table 1 contains the results of the routine tests performed on the topsoil 
and the subsoil samples. Figure 1 demonstrates how the physical properties 
tested change by substitution of cations for those originally adsorbed on the 
internal soil surface. This influence also extends to the mechanical analysis 
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of homoionic soils, where changes in apparent particle size are caused by 
ionic substitution. 

The volume elasticity of a soil is an important property in regard to its use 
in highway construction. An indicator of this property in dry condition is 
the shrinkage limit; in wet condition, the liquid limit. 

As can be seen in figure 1, the shrinkage limit is a function of the exchange 
ions. According to the data, the dry elasticity of the topsoil (shrinkage 
limit 21.0) can be reduced by treatment with Na ion (shrinkage limit 17.0) 
and increased by treatment with all the other ions used. In the subsoil, all 
ionic treatments tend to increase the elasticity, although not to the same ex- 
tent as in the topsoil (shrinkage limits from 12.8 to 14.9). 

The liquid limit is a function of both the water afl&nity of the internal soil 
surface and the elasticity of the soil skeleton. It is somewhat difficult to 
separate these two influences. The reduction of the liquid limit of the natural 
topsoil (40.1) by Na-ion substitution (31.7) is, however, significant. In the 
less elastic subsoil the influence of ionic substitution on the water affinity of 
the soil overshadows that on the elasticity. 

TABLE 2 


Ejffect of exchange cations on plastic index 


Ion 

NAT.* 

Na 
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Mg 

Ca 1 

Ba 

H 

A1 

Fe; 

Topsoil 

12.9 

11.5 


11.8 

12.0 

9.1 

5.7 

6.8 

5.8 

Subsoil 

36.3 

37.3 

20.2 

33.4 

29.1 

34.3 

27.1 

32.0 ! 

25.8 


* Ionic saturation of natural soil: 24.2 per cent Na; 47.1 per cent Ca; 17.6 per cent Mg, 


The consistency properties of soils can be viewed as expressions of their 
internal friction and cohesion. The cohesion of soils has been found to in- 
crease with an increase of their plastic index: therefore, the effect of the ex- 
change ions on this property is important. As can be seen from table 2, the 
cohesive properties of the topsoil and of the subsoil can be appreciably reduced 
by treatment with hydrogen and trivalent ions. The great reducing effect 
of the potassium ion in the case of the subsoil is especially remarkable. 

Kogler (5, p. 60) has shown a general inverse correlation between the plastic 
index and the angle of internal friction of cohesive soils. According to his 
generalization, the topsoil would have an angle of friction of about 28°, which 
can be changed into one of about 31° by treatment with hydrogen ions. The 
subsoil would have an angle of about 20°, which is changed into one of 25° by 
treatment with potassium ions. Although the terms '^ffriction” and ^^cohe- 
sioffi’ do not possess as definite a physical meaning as would be desirable, 
nevertheless this consideration helps to point out the marked effect of ionic 
substitution on the engineering properties of soils. 

As can be seen from figure 1, the curves showing the functional connection 
between the soil constants and the exchange ions for the topsoil follow rather 
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closely the pattern set by the shrinkage limit. This indicates that the elastic- 
ity of this soil is its dominating characteristic. ■ Because of the loose bedding 
of the soil particles in the determination of the liquid intake, by means of the 
Winterkorn-Baver method, the elasticity of the soil is not evidenced very 
much in the data bearing on this phase. Though the curve representing the" 
intake of CCI4 by the topsoil is rather difficult to explain, the relationship 
between the heat of wetting and the H 2 O intake is obvious, especially in the 
case of the Ba, H, Al, and Fe ions, which show predominantly hydration- 
swelling. The other part of the curve appears to indicate osmotic-swelling 
effects (9)., 

The slaking time of soils is a complex function of the size of the individual 
soil pores, the energy of wetting, the swelling capacity, the total pore space, 
and the viscosity of the water. As a result, the slaking curve of the homoionic 
modiffcations of the topsoil cannot be correlated with the curves indicating 
the other soil properties. The effect of the Na ion in increasing the slaking 
resistance, however, deserves comment. 

In the case of the topsoil the elasticity appeared to be the dominant factor; 
in the case of the subsoil, the energy of wetting appears to be the most in- 
fluential item. Its influence, however, is found only by a relatively close study 
of the curves in figure 1. 

The curve for the heat of wetting of the homoionic modifications of the sub- 
soil, that for the field moisture equivalents, and, in the main, that for the liquid 
limits are of the same general type; in the last only the Ca-soil falls somewhat 
out of the general order. The curve for the slaking data appears to be, in the 
main, an inverse function of the liquid limit curve, only the natural and Na- 
soils representing major exceptions. There appears to be little reason for 
doubt that these exceptions are caused by the osmotic type of swelling which 
is marked in these soils. 

Composition of the organic matter in the soil 

Because of its influence on the physical and chemical reactions of soils (1,2), 
the content and the approximate composition of the organic matter in the 
topsoil and subsoil were determined. 

Briefly, the essential features of the method are as follows: ether extraction 
in Soxhlet apparatus for 12-24 hours; extraction with 95 per cent ethyl alcohol 
for 1-2 hours; hot-water extraction; extraction with 2 per cent HCl for 5 
hours at 100®G.; treatment of 20 gm. of the residue with 20-30 cc. of 80 per 
cent H 2 SO 4 for 2| hours in the cold, followed by dilution with 15 volumes of 
water and boiling for 2-5 hours. The residue is washed and dried. 

These data can be considered from a pedologicai viewpoint by their correla- 
tion with results of analysis by other investigators. The organic matter in 
the chernozem type of soils is believed to have been subjected to more de- 
composition than the organic matter of the podzols. This advanced state of 
decomposition is manifested by a lower cellulose and hemicellulose content 
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and a higher protein content. An examination of the published data on the 
extraction analysis of chernozem soils shows that the topsoil has generally a 
higher amount of hemicellulose and cellulose than the subsoil, indicating more 
decomposition in the lower horizon. The Argentina topsoil and subsoil 
showed only traces of hemicellulose, indicating an advanced stage of decom- 
position. The protein content of various chernozem soils, as reported in the 
literature, is higher in the topsoil in some cases and lower in other cases. In 
the Argentina soil, the protein content was slightly higher in the topsoil than 
in the subsoil, with the protein content relatively high in both cases. The 
protein content of the Argentina soil is higher than that reported by Waksman 
and Hutchings (7) for the chestnut soils and lower than that of the serozem 
soils, indicating a stage of decomposition intermediate to these two soil types. 

Published data on the water-soluble constituents of soil-organic matter (6) 
indicate that under conditions of a movement of water downward through the 

TABLE 3 


Nature of the organic matter in loess pampaneo soils 
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profile, the percentage of the organic matter soluble in water is higher in the 
subsoil than in the topsoil. Under conditions in which the rainfall approxi- 
mates the evaporation, the amount of water-soluble material of the organic 
matter is about the same in the topsoil and in the subsoil. Under conditions 
where the evaporation is higher than the rainfall, the water-soluble portion 
of the organic matter is higher in the topsoil than in the subsoil. Since these 
observations are made on a limited number of soils, they remain to be confirmed 
by further investigations. The inferences made, how^ever, appear to be logicaL 

The foregoing observations on the organic matter are helpful in typing the 
Argentina soil as to its pedological features. This soil has evidently been 
subjected to a type of weathering intermediate to those responsible for the 
formation of the serozem soils and of the chestnut soils. 

The organic matter in topsoil and in subsoil differs in quantity and in 
composition (table 3). The total organic matter in the topsoil is 4.5 per cent; 
in the subsoil, 1,95 per cent. Also, the topsoil contains 4.4 times as much 


LOESS PAMPANEO SOIL 


485 


water-soluble material and 2.5 times as much lignin as the subsoil. The 
elasticity of the topsoil is probably due to the large percentage of organic 
matter and specifically the lignin content. It is, therefore, the organic matter 
which gives to the topsoil its predominant characteristic. The amount and 
type of organic matter contained in the subsoil does not appear to be of a 
character to make a specific imprint on the physical characteristics of the soil. 
The extent of the influence of the organic matter on the latter is, therefore, 
dfficult to judge. 

Properties of the colloidal material separated from the soils 

From the two soils the fractions < 0.002 mm. were separated, after dis- 
persion in diluted NaOH solution, by means of a Sharpies ultracentrifuge. 
The separated fine fraction was then electrodialyzed to obtain the H-clays. 
The material from the topsoil was very black, indicating a high content of 

TABLE 4 


Analysis of clays from Argentina topsoil and subsoil 




CLAY FKOM 

CLAY FROM 



TOPSOIL 

SUBSOIL 

SiOa 

3.1 

•2 

il20a 

SiOs 

o.O 
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5.7 
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Si02 
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Potentiometric titration 


80 

34 

Conductometric titration 


84 

39 

Organic matter 


10.32 

1.96 

Heat of wetting . 

caLjgm. 

9.1 

11.7 


organic matter. The subsoil fraction was dark gray. These materials were 
analyzed for their content of silica and sesquioxides, organic matter, and base- 
exchange capacity. The data obtained are given in table 4. 

According to these data, the clay from the topsoil, despite its small silica- 
sesquioxide ratio, possesses a much higher base-exchange capacity than the 
clay from the subsoil. This fact is very significant and points, on one hand, 
to the marked influence of the organic matter in the topsoil toward an increase 
of the base-exchange capacity, as already demonstrated by Baver (3); on the 
other hand, it indicates a relatively low base-exchange capacity of the inorganic 
colloid, which is remarkable in view of the high silica-sesquioxide ratio, espe- 
cially of the colloid from the subsoil. Part of this silica, however, may be 
present as finely dispersed quartz. With this high silica-sesquioxide ratio 
goes a relatively high heat of wetting. A low base-exchange capacity is 
usually connected with a low cohesion, under comparable conditions of particle 
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size and water content; a high heat of wetting indicates a great affinity for 
water. These two properties indicate a material which is very susceptible 
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properties more like those usually connected with a silty material than those 
usually attributed to the clays. As a whole, the clay of the subsoil appears 
to be of a freakish and undesirable nature. 

Properties of the homoionic clays 

From, the hydrogen clays other homoionic modifications were prepared by 
neutralization with NaOH, KOH, Ca(OH) 2 , Mg(OH) 2 , Ba(OH )2 and by 
treatment with solutions of FeCla and Ai 2 (S 04 ) 3 , respectively, with subsequent 
removal of excess salts. These clays were tested for heat of wetting and for 
intake of water and of carbon tetrachloride. The results of these tests are 
shown in figure 2. 

It is remarkable that, for the clays of both topsoil and subsoil, the heat of 
wetting is only slightly sensitive to the exchange ions present. This might 
indicate that a large part of the heat of wetting is derived not from the hydra- 
tion of the ions but rather from other hydration reactions on the surface of 
the particles. The curves showing the intake of water and of carbon tetra- 
chloride for the clays of both topsoil and subsoil run parallel to a certain 
extent; the exceptions concern the Na- and K-clays of the surface sod and the 
Na-clay of the subsoil. These exceptions represent osmotic swelling. The 
curves representing the differences between intake of water and intake of 
carbon tetrachloride are of the same type as those for the hydration of the 
ions, if the osmotic swelling of the monovalent clays is taken into account. 

CONCLUSIONS 

From the data obtained it appears that the dominant factor of the topsoil 
is its elasticity, caused by the amount and type of organic matter available. 
Treatment with Na ion is very effective in reducing this property. 

The most important property of the subsoil is its great avidity for water. 
This avidity appears to be correlated not so much with the exchange ions as 
with the surface of the soil particles as such. The effect of ionic substitution 
on the physical soil properties is not likely, therefore, to be very marked. 
However, greater effects can be expected by the presence in the soil of ions 
in excess of its exchange capacity. 
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